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   ”Whole meal of flour is recommended 
      for its salutary effects on the bowels.” 
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ABSTRACT 
Arabinoxylo-oligosaccharides (AXOS) can be prepared enzymatically from arabinoxylans 
(AX) and AXOS are known to possess prebiotic potential. Here the structural features of 10 
cereal AX were examined. AX were hydrolysed by Shearzyme® to prepare AXOS, and their 
structures were fully analysed. The prebiotic potential of the purified AXOS was studied in 
the fermentation experiments with bifidobacteria and faecal microbiota. 
 
In AX extracted from flours and bran, high amounts of -L-Araf units are attached to the -D-
Xylp main chain, whereas moderate or low degree of substitution was found from husks, cob 
and straw. Nuclear magnetic resonance (NMR) spectroscopy showed that flour and bran AX 
contain high amounts of -L-Araf units bound to the O-3 of -D-Xylp residues and doubly 
substituted -D-Xylp units with -L-Araf substituents at O-2 and O-3. Barley husk and corn 
cob AX contain high amounts of -D-Xylp(12)--L-Araf(13) side chains, which can also 
be found in AX from oat spelts and rice husks, and in lesser amounts in wheat straw AX.  
 
Rye and wheat flour AX and oat spelt AX were hydrolysed by Shearzyme® (with Aspergillus 
aculeatus GH10 endo-1,4--D-xylanase as the main enzyme) for the production of AXOS on 
a milligram scale. The AXOS were purified and their structures fully analysed, using mass 
spectrometry (MS) and 1D and 2D NMR spectroscopy. Monosubstituted xylobiose and 
xylotriose with -L-Araf attached to the O-3 or O-2 of the nonreducing end -D-Xylp unit and 
disubstituted AXOS with two -L-Araf units at the nonreducing end -D-Xylp unit of 
xylobiose or xylotriose were produced. Xylobiose with -D-Xylp(12)--L-Araf(13) side 
chain was also purified. These AXOS were used as standards in further identification and 
quantification of corresponding AXOS from the hydrolysates in high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD) analysis. 
 
The prebiotic potential of AXOS was tested in in vitro fermentation experiments. 
Bifidobacterium adolescentis ATCC 15703 and B. longum ATCC 15707 utilized AXOS from 
the AX hydrolysates. Both species released L-arabinose from AXOS, but B. adolescentis 
consumed the XOS formed, whereas B. longum fermented the L-arabinose released. The third 
species tested, B. breve ATCC 15700, grew poorly on these substrates. When cultivated on 
pure AXOS, the bifidobacterial mixture utilized pure singly substituted AXOS almost 
completely, but no growth was detected with pure doubly substituted AXOS as substrates. 
However, doubly substituted AXOS were utilized from the mixture of xylose, XOS and 
AXOS. Faecal microbiota utilized both pure singly and doubly substituted AXOS. Thus, a 
mixture of singly and doubly substituted AXOS could function as a suitable, slowly 
fermenting prebiotic substance. 
 
This thesis contributes to the structural information on cereal AX and preparation of mono and 
doubly substituted AXOS from AX. Understanding the utilization strategies is fundamental in 
evaluating the prebiotic potential of AXOS. Further research is still required before AXOS can 
be used in applications for human consumption. 
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1 Introduction 
In most human diets carbohydrates are the main source of energy. Carbohydrates can be 
divided into two categories: 1) carbohydrates digested and absorbed in the human intestine 
and 2) dietary fibres which are nondigestible carbohydrates passing to the large intestine. 
Thus, dietary fibre can be defined as “edible plant parts or analogous carbohydrates that 
are resistant to digestion and absorption in the human small intestine with complete or 
partial fermentation in the large intestine” (American Association of Cereal Chemists 
(AACC), 2001). According to the latest definition from the European Food Safety 
Authority (EFSA), dietary fibre is simply “non-digestible carbohydrates plus lignin”. The 
main constituents of dietary fibre are nonstarch polysaccharides (e.g. cellulose, 
hemicelluloses, pectins and -glucans), resistant oligosaccharides (e.g. fructo-
oligosaccharides (FOS) and galacto-oligosaccharides (GOS)), resistant starch and lignin. 
Utilization of foods rich in dietary fibre is associated e.g. with reduced risk for type 2 
diabetes, reduced total and low-density lipoprotein (LDL)-cholesterol concentrations and 
possible reduction of the risk of colon cancer. To obtain these health effects, adequate 
fibre intakes for adults are considered to be 25 g/d (EFSA, 2009). 
 
Various nondigestable oligosaccharides, categorized as dietary fibre, or oligosaccharides 
obtained from polysaccharides that are classified as dietary fibre, are included among new 
food ingredients and may be used in functional foods. Oligosaccharides have many 
beneficial physiological properties, such as growth promotion of beneficial intestinal 
bacteria (Bifidobacterium and Lactobacillus) (= prebiotic effect) (Gibson and Roberfroid, 
1995; Crittenden and Playne, 1996; Voragen, 1998) and protection against colon cancer by 
producing short-chain fatty acids (SCFA) in the large intestine during fermentation 
(Voragen, 1998; Scharlau et al., 2009). Interest in oligosaccharides as health-promoting 
food incredients has increased in Europe, but only inulin, FOS and GOS are currently 
allowed for human consumption in functional foods (van Loo et al., 1999; Pascal, 2008). 
In Japan, foods for specified healthy use (FOSHU) were already legislated in 1991. 
FOSHU products include fructo-, galacto-, soybean, palatinose, xylo- and isomalto-
oligosaccharides, lactulose and lactosucrose. The main health claim for these products is 
that they are “foods designed to help maintain a good gastrointestinal environment, and act 
to increase intestinal bifidobacteria” (Crittenden and Playne, 1996).  
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FOS, GOS, xylo-oligosaccharides (XOS) and lactulose stimulate specifically the growth 
of Bifidobacterium (Imaizumi et al., 1991; Crittenden et al., 2002). However, linear 
oligosaccharides may be fermented too rapidly by bifidobacteria and the present objective 
is to find oligosaccharides that ferment slowly in the large intestine. Slow fermentation 
produces abundant SCFA, of which especially butyric and propionic acids seem to play a 
key  role  in  preventing  colon  cancer  (Scharlau  et  al.,  2009).  Potential  slowly  fermenting  
oligosaccharides include arabinoxylo-oligosaccharides (AXOS), produced by degrading 
polymeric arabinoxylans (AX). Branched AXOS are nondigestible oligosaccharides, but 
are fermented in the large intestine by the intestinal microbiota (Gibson and Roberfroid, 
1995; van Laere et al., 2000). AXOS are fermented by some health-promoting 
bifidobacteria and by the predominant intestinal bacteria, Bacteroides spp., but harmful 
Clostridium spp. showed low utilization of branched AXOS (van Laere et al., 2000; Kabel 
et al., 2002b). 
 
To obtain health effects mediated by health-promoting bacteria, one strategy is to add 
bifidobacteria to food. However, orally taken bifidobacteria may not remain in the 
intestine and as soon as intake is stopped, the enterobacterial flora returns to the previous 
state (Suwa et al., 1999). Another strategy is to fortify food with SCFA, but it is unlikely 
that SCFA added directly to food would reach the large bowel. Thus, orally taken 
fermentable fibre or oligosaccharide that would reach the lower gut may promote 
proliferation of bifidobacteria and provide the positive effects of SCFA (Campbell et al., 
1997b; Suwa et al., 1999). 
 
For preparation of nondigestable oligosaccharides, several plant sources rich in 
carbohydrates are available. In the cell walls, lignin, cellulose and hemicelluloses are 
closely associated and together can be referred to as lignocellulosic material (Aspinall, 
1980; Puls, 1993). Forestial, agricultural and industrial wastes or by-products contain 
considerable amounts of lignocellulosic materials. Processing of residual biomass as raw 
materials provides economic and ecological benefits due to its biorenewability and 
abundance (Alonso et al., 2003). Xylans occur as the major constituents of hemicelluloses 
and thus, after cellulose, are the second most abundant renewable plant resource with high 
potential for utilization as useful products (Kulkarni et al., 1999). Xylans constitute about 
17 
 
20-30% of the dry weight of agricultural residues, such as cereal straws and grain hulls 
(Aspinall, 1970). 
 
This thesis reviews the literature on the occurrence and structures of arabinoxylans in 
cereals, enzymatic production of AXOS, as well as their prebiotic potential. The 
experimental part of the thesis is a summary of the data published in the attached papers I-
IV, in which the substitution patterns of several polymeric AX are studied, the production, 
purification and structural analysis of AXOS are characterized, and the prebiotic potentials 
of AXOS are evaluated in in vitro studies.  The  results  obtained  are  evaluated  in  the  
Discussion section. 
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2 Review of the literature 
2.1 Cereal arabinoxylans 
2.1.1 Grains 
Cereal  grains  consist  typically  of  bran,  germ  and  starchy  endosperm.  In  addition,  some  
common cereals also carry husks (hulls); wheat (Triticum aestivum L.)  and  rye  (Secale 
sereale L.) are dehulled during harvest, whereas barley (Hordeum vulgare L.)  and  oat  
(Avena sativa L.) are not, but husks are removed in traditional ways before utilization in 
the human diet. Brans are manufactured from grains, using methods adequate for 
structurally different cereal species, resulting in brans containing diverse grain layers. 
Wheat brans are fairly clean of other layers, barley brans contain some husk remnants and 
oat brans often contain substantial quantities of starchy endosperm (Fulcher and Duke, 
2002). Cereal plant cell walls consist mainly of polysaccharides, lignin and protein (Puls, 
1993; Aspinall, 1980). The major polymers in the cell walls are cellulose (25-35%), 
hemicelluloses (40-50%) and lignin (7-10%) (Ishii, 1997). Both cellulose and 
hemicelluloses function as structural supporting materials in the cell walls; cellulose has a 
high tensile strength and gives rigidity to the walls, whereas hemicelluloses impart 
elasticity to the structure by cross-linking cellulose microfibrils (Sjöström, 1981; Carpita 
and Gibeaut, 1993).  
2.1.2 Occurrence of AX  
Xylans occur as the most common hemicelluloses, and after cellulose they are the second 
most abundant polysaccharide in the plant kingdom. Xylans can be divided into three 
groups: 1) (glucurono-)arabinoxylans, which are present in softwoods, lignified tissues of 
grasses and annual plants, 2) neutral arabinoxylans in cereal grains and 3) 
glucuronoxylans found in hardwoods (Aspinall, 1959, 1970; Sjöström, 1981; Ebringerová 
and Heinze, 2000). Cereal whole grains contain AX from 1.2 wt% (in rice (Oryza sativa 
L.)) to 8.5 wt% (in rye), whereas xylans in more lignified tissues of cereals (leaves, straws, 
husks) represent 25-35% of dry biomass (Aspinall, 1970; Henry, 1985; Härkönen et al., 
1997; Moure et al., 2006). Even though the proportion of AX is quite small in whole 
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grain, the relative proportion is considerable in cereal endosperm cell walls, where AX 
comprise from 20% (w/w; in barley) to 72% (w/w; in wheat) (Fincher, 1975; Bacic and 
Stone, 1980). Thus, AX are the main cell wall components of several cereals (Hoffmann et 
al.,  1992).  However,  endosperm  cell  walls  contribute  only  0.5-5%  of  the  dry  weight  of  
cereal  whole  grains  and  they  also  constitute  nonstarch  polymers  other  than  AX,  e.g.  
cellulose, (13)(14)--D-glucans and glucomannans (Bacic and Stone, 1981; Fulcher 
and Duke, 2002). An average of 2.1 wt% of AX in flour (mainly endosperm) was reported 
(Andersson and Åman, 2001). Quantitatively, most of the AX are situated in the bran 
layers, which contribute about 25% of the dry weight of the grain (Fulcher and Duke, 
2002). 
 
Arabinoxylans can be divided into water-extractable and water-unextractable AX. The 
water-unextractability is due to a combination of noncovalent interactions and covalent 
bonds with other cell wall components, such as proteins, cellulose and lignin (McNeil et 
al., 1975; Markwalder and Neukom, 1976; Andrewartha et al. 1979; Jeffries, 1990). Many 
of these linkages are alkaline-labile and thus some AX can be liberated and extracted by 
alkaline treatment (Ishii, 1997; Courtin and Delcour, 2001). Gruppen et al. (1991) showed 
that with barium hydroxide (Ba(OH)2) the major part of AX was selectively extracted 
from  different  cereal  samples.  Other  alkals,  such  as  sodium  hydroxide  (NaOH)  and  
potassium hydroxide (KOH), have also been used to extract AX. KOH is preferred over 
NaOH because mannans are more or less insoluble in KOH (Puls and Schuseil, 1993). In 
addition (13, 14)--glucans are coextracted with KOH and NaOH, and thus they are 
not as selective as Ba(OH)2 (Gruppen et al., 1991). The xylan group includes both alkali- 
and water-extractable polysaccharides (Aspinall, 1970) but regardless of the extraction 
method, AX have different solubilities in water, since water-solubility is dependent on the 
structure of the polymer. Unsubstituted xylans are nearly water-insoluble, but with 
increasing amounts of arabinose side groups, the polymers become more water-soluble 
(Sternemalm et al., 2008; Pitkänen et al., 2009). The amount and structural arrangement of 
the side chains of AX vary between cereal species and even among different parts of the 
same plant. 
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2.1.3 Structure of AX 
The linear main chain of arabinoxylans is composed of (14)-linked -D-xylopyranosyl 
(-D-Xylp) residues. Cereal xylans are mainly substituted with (12)- and/or (13)-
linked -L-arabinofuranosyl (-L-Araf) residues, thus resulting in mono- and 
disubstituted -D-Xylp residues. The -L-Araf side groups are usually (13)-linked with 
-D-Xylp residues in all cereals (Ebringerová et al., 1990; Gruppen et al., 1992; Viëtor et 
al., 1992; Izydorczyk and Biliaderis, 1993). Monosubstituted -D-Xylp units with (12)-
linked -L-Araf groups are usually found in alkali-extractable barley flour AX (22%) but 
they have been found in small amounts in all cereal AX. Water-extractable wheat bran AX 
possesses the highest amounts of doubly (12)- and (13)-substituted -D-Xylp units 
(40% of substituted units) (Viëtor et al., 1992; Shiiba et al., 1993; Izydorczyk and 
Biliaderis, 1995). In addition to -L-Araf residues, the main chain -D-Xylp units can also 
carry -D-glucopyranosyluronic acid (-D-GlcA) or its  4-O-methyl ether (4-O-Me--D-
GlcA) and acetyl substituents (Aspinall, 1959, 1980; Vázquez et al., 2000). Ferulic and p-
coumaric acids may be ester-linked to the AX structure at the O-5 position of some of the 
-L-Araf units (Saulnier et al., 1995b; Ishii, 1997). Acetyl groups, ferulic and p-coumaric 
acids are easily released in alkaline-extraction (Puls and Schuseil, 1993). The main 
structural units of AX are presented in Figure 1 and the hypothetical structure of AX in 
Figure 2. 
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Figure 1. Main structural units of arabinoxylans. 
 
Some cereal xylans may also carry side chains containing more than one sugar unit 
(Aspinall, 1970). In these more extended side chains, the -L-Araf residues attached to the 
xylan main chain carry additional substituents, such as galactose or xylose units (Aspinall, 
1980). These diverse side chains were isolated from more highly lignified tissues of the 
cereal plants (Wilkie, 1979). 
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The disaccharide 2-O--D-Xylp-L-Araf side chain, attached to the O-3 of the main xylan 
chain,  was  first  reported  in  corncob  AX  and  barley  husk  AX  (Whistler  and  McGilvray,  
1955; Aspinall and Ferrier, 1958; Kusakabe et al., 1983; Ebringerová et al., 1992). Later 
on, this side chain structure was also identified in corn (Zea mays L.) hull and corn bran 
AX (Hromádková and Ebringerová, 1995; Saulnier et al., 1995a). The existence of this 
disaccharidic side chain in alkali-extracted barley husk AX was recently shown by Höije 
et al. (2006). Wende and Fry (1997) reported that the disaccharide, usually esterified by 
ferulic acid at  the O-5 position of the Araf unit, is a widespread component of grass cell 
walls. Different main substituent patterns in various cereal-based plant parts are shown in 
Table 1. 
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2.1.4 Distribution of substituents in cereal AX 
Substituents are not always regularly distributed on the AX backbone. Particularly for AX 
with high amounts of substituents, an alternation of highly branched and less branched 
regions has been proposed (Ewald and Perlin, 1959; Gruppen et al., 1993). Generally, 
cereal endosperm cell walls contain highly branched arabinoxylans, whereas more highly 
lignified tissues, such as grasses, straw, husks and corncobs, usually contain less branched 
AX with additional (4-O-methyl) glucuronic acid side groups (Aspinall, 1980). Rye, 
wheat, rice and oat brans contain highly branched AX similar to endosperm AX from 
wheat, rice and rye. AX with low degrees of branching have been reported earlier from 
rice hull, wheat straw and oat spelts (Hromádková et al., 1987; Schooneveld-Bergmans et 
al., 1999; Puls et al., 2006). Arabinose-to-xylose (Ara/Xyl) ratios ranging from 0.5 to 0.8 
in cereal endosperm and from 0.4 to 1.2 in bran commonly occur, but wide natural 
variations are found. The Ara/Xyl ratios in the endosperm, aleurone layer, inner pericarp, 
testa and outer pericarp are diverse, and the outer pericarp may possess the highest 
Ara/Xyl ratios in several cereals (Izydorczyk and Biliaderis, 1995; Glitsø and Bach 
Knudsen, 1999; Ordaz-Ortiz et al., 2005). Different manufacturing techniques for cereal 
brans and difficulties in separation of cereal cell wall layers may cause alternation in 
comparing Ara/Xyl ratios, because the various cell wall layers are represented in the 
extracted materials. 
 
The cell walls of wheat and rye endosperms are rich in AX. The Ara/Xyl ratio is about 0.5 
in water-soluble wheat and rye flour AX from Megazyme International Ireland Ltd. (Bray, 
Ireland), but the structure regarding the type of -L-Araf substitution differs significantly. 
In  wheat  flour  AX,  about  one  third  of  the  -L-Araf are (13)-linked with 
monosubstituted -D-Xylp residues and two thirds are (12)- and (13)-linked to 
doubly substituted -D-Xylp (Sørensen et al., 2006; Pitkänen et al., 2009). Rye flour AX 
has significantly more singly substituted -D-Xylp residues, since two thirds of the -L-
Araf are (13)-linked to mono- and one third to doubly substituted -D-Xylp, 
respectively (Höije et al., 2008; Pitkänen et al., 2009). The alkaline-extracted wheat 
endosperm AX structure corresponds to that of water-extracted wheat endosperm, 
although small variations in the Ara/Xyl ratio and molecular weight were reported 
(Gruppen et al., 1993). The Ara/Xyl ratios of various AX extracted from different cereal 
materials are shown in Table 2. 
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Table 2. Arabinose to xylose ratios of various cereal-based AX extracted with different 
methods. The solvent used for extraction was applied after various pretreatments. 
Origin of AX 
Solvent for AX 
extraction 
Ara/Xyl 
ratio 
Reference 
Barley flour alkaline (Ba(OH)2) 0.62 Viëtor et al., 1992 
Barley flour alkaline (Ba(OH)2) 0.71 Trogh et al., 2005 
Barley husk alkaline (Ba(OH)2) 0.17 Aspinall and Ferrier, 1957 
Barley husk alkaline (NaOH) 0.22 Höije et al., 2005 
Barley husk alkaline (Ba(OH)2) 0.20 Pitkänen et al., 2008 
Barley malt water 0.64 Dervilly et al., 2002 
Brewery´s spent grain alkaline (KOH) 0.48 Kabel et al., 2002a 
Brewery´s spent grain water 0.88 Kabel et al., 2002a 
Corncob alkaline (NaOH) 0.07 Ebringerová et al., 1992 
Corncob alkaline (KOH) 0.11 Kabel et al., 2002a 
Corncob alkaline (NaOH) 0.06 Ramírez et al., 2008 
Corncob water 0.72 Kabel et al., 2002a 
Corn hull alkaline (NaOH) 0.63 Ebringerová and Hromádková, 1997 
Oat bran alkaline (NaOH) 1.07 MacArthur and D´Appolonia, 1980 
Oat spelt alkaline (Ba(OH)2) 0.12 Gruppen et al., 1991 
Rice endosperm alkaline (KOH) 0.84 Shibuya et al., 1985 
Rice bran alkaline (KOH) 0.97 Shibuya et al., 1983 
Rye bran alkaline (NaOH) 0.14 Ebringerová et al., 1994 
Rye bran alkaline (NaOH) 0.18 Hromádková et al., 1987 
Rye bran alkaline (NaOH) 0.87 Hromádková and Ebringerová, 1987 
Rye flour alkaline (Ba(OH)2) 0.75 Cyran et al., 2004 
Rye flour water 0.67 Cyran et al., 2003 
Rye wholemeal water 0.59 Delcour et al., 1999 
Rye wholemeal water 0.51 Nilsson et al., 2000 
Wheat bran alkaline (NaOH) 1.17 Brillouet et al., 1982 
Wheat bran alkaline (Ba(OH)2) 0.73 Gruppen et al., 1991 
Wheat bran alkaline (NaOH) 0.39 Bataillon et al, 1998 
Wheat bran alkaline (Ba(OH)2) 0.71 Schoonveld-Bergmans et al., 1999 
Wheat bran alkaline (Ba(OH)2) 0.81 Nandini and Salimath, 2001 
Wheat bran alkaline (NaOH) 0.82 Maes and Delcour, 2002 
Wheat bran alkaline (KOH) 0.40 Kabel et al., 2002a 
Wheat bran water 0.56 Maes and Delcour, 2002 
Wheat bran water 0.63 Kabel et al., 2002a 
Wheat bran water 1.25 Hollmann and Lindhauer, 2005 
Wheat flour alkaline (Ba(OH)2) 0.52 Gruppen et al., 1991 
Wheat flour water 0.80 MacArthur and D´Appolonia, 1980 
Wheat flour water 0.52 Cleemput et al., 1997 
Wheat flour water 0.55 Dervilly-Pinel et al., 2001 
Wheat straw alkaline (NaOH) 0.17 Sun et al., 1996 
For several extracted AX fractions reported in the original publication, the average Ara/Xyl ratios 
are calculated here. 
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2.2 Enzymes hydrolysing arabinoxylans 
2.2.1 Enzymes hydrolysing the xylan main chain 
The arabinoxylan backbone is degraded by glycoside hydrolases (GH) that are able to 
hydrolyse the glycosidic bond between (14)-linked -D-Xylp units. Such enzymes are 
produced e.g. by various bacteria and fungi. The plant AX backbone is randomly 
hydrolysed, using endo-1,4--D-xylanases (EC 3.2.1.8), producing a mixture of various 
oligosaccharides. Xylanases are currently classified based on the structural and sequence 
similarities in GH families 5, 7, 8, 10, 11 and 43, but research has mainly focused on the 
family GH10 and GH11 enzymes (CAZy - Carbohydrate Active enZymes; Collins et al., 
2005).  
 
GH10 and GH11 xylanases possess distinct catalytic properties. Pell et al. (2004) and 
Fujimoto et al. (2004) observed that the family GH10 contains enzymes with slightly 
diverse catalytic sites compared with GH11 enzymes, resulting in small differences in 
their hydrolytic end-products. The xylo-oligosaccharides resulting from the activity of 
GH10 xylanases are shorter than those produced by GH11 xylanases. GH11 xylanases are 
hindered by the presence of side groups, whereas GH10 xylanases are able to act near the 
substitution, forming oligosaccharides that carry subsituents at the nonreducing terminal 
of the -D-Xylp residue (Biely et al., 1997; Vardakou et al., 2003; Beaugrand et al., 2004; 
Maslen et al., 2007) (Figure 2). The shortest AXOS produced were -L-Araf-(13)--D-
Xylp-(14)-D-Xylp (A3X) and -D-Xylp-(14)[-L-Araf-(13)]--D-Xylp-(14)-D-
Xylp (XA3X). The feruloyl substituents do not impede the action of xylanases, since 
feruloyl arabinoxylobiose is the shortest feruloylated oligosaccharide liberated by GH10 
xylanase (Vardakou et al., 2003). The naming system for oligosaccharides is adopted from 
Fauré et al. (2009). 
 
In addition to endo-1,4--D-xylanases, there are enzymes capable of hydrolysing the 
xylose chain from the ends. Exo-1,4--D-xylosidases (EC 3.2.1.37) release xylose units 
from the nonreducing end of XOS, but the effectivity decreases with increasing chain 
length  of  XOS  (Biely,  1985).  Some  of  the  exo-1,4--D-xylosidases can also slowly 
hydrolyse polymeric xylan (Margolles-Clark et al., 1996), but terminal substituents, such 
26 
 
as (12)-linked 4-O--D-MeGlcA, at the nonreducing end of the xylose chain prevent 
the action of the enzyme (Poutanen et al., 1990).  Further, the penultimate (13)-linked 
-L-Araf residue prevents the exo-1,4--D-xylosidase from Trichoderma reesei from 
hydrolysing the -1,4-glycosidic linkage before the substituted xylose unit (Tenkanen et 
al., 1996). In addition, the reducing end xylose-releasing exo-oligoxylanases (EC 
3.2.1.156) are able to hydrolyse the (A)XOS further into even shorter oligosaccharides 
(Tenkanen et al., 2003). The last-mentioned enzyme is not able to hydrolyse xylobiose, in 
contrast to exo-1,4--D-xylosidases. The sites of activity of the xylan main chain- 
hydrolysing enzymes are presented in Figure 2. 
2.2.2 Enzymes acting on -L-Araf substituents 
The -L-arabinofuranosidases (EC 3.2.1.55) are the enzymes that cleave terminal -L-
Araf residues from different polysaccharides and oligosaccharides. The -L-
arabinofuranosidases acting on polymeric AX (arabinoxylan arabinofuranohydrolases, 
AXH) are further divided according to their substrate specificities, since some act on 
(12)- and (13)-linked -L-Araf units on monosubstituted -D-Xylp residues (AXH-
m),  whereas  others   release  only  (13)-linked  -L-Araf units from disubstituted -D-
Xylp residues (AXH-d3) (van Laere et al., 1997) (Figure 2). Most -L-
arabinofuranosidases isolated, such as from Aspergillus awamori (Kormelink et al., 
1993c), Pseudomonas fluorescens (Kellett, 1990) and wheat (Beldman et al., 1996), are 
active only on -L-Araf residues on singly substituted -D-Xylp residues (AXH-m). 
 
AXH-d3-type -arabinofuranosidases were isolated from Bifidobacterium adolescentis 
(van Laere et al., 1997, 1999) and Humicola insolens (Sørensen et al., 2006). The first 
reported -arabinofuranosidase, able to release -L-Araf from both singly and doubly 
substituted -D-Xylp, was isolated from barley malt (Ferré et al., 2000). This -
arabinofuranosidase is able to act on linkages at the nonreducing terminal -D-Xylp with 
one or two -L-Araf substituents, but shows no activity towards doubly substituted 
internal -D-Xylp.  Highly  specific  AXH-m  and  AXH-d3,  which  act  on  polymers  and  
oligomers, are excellent tools to use in modifying the branching ratio of AX and AXOS. 
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2.2.3 Enzymes acting on other substituents 
Xylan -1,2-glucuronidases (EC 3.2.1.131) hydrolyse the linkage between the (4-O-
methyl)--D-glucopyranosyl substituent and the -D-Xylp unit. -1,2-Glucuronidase 
activity is found in bacteria and fungi (Puls et al., 1987). Some glucuronidases are able to 
act on polymeric xylan and some on oligosaccharides (Khandke et al., 1989; Tenkanen 
and Siika-aho, 2000). Acetyl groups are removed by acetyl xylan esterases (EC 3.1.1.72), 
which cleave the acetyl groups from positions O-2 and O-3 of -D-Xylp units  (Biely,  
1985; Kormelink and Voragen, 1993). The enzyme is more important in modification of 
water-extractable AX, since during alkaline-extraction of AX most acetyl groups are 
removed. Furthermore, feruloyl esterases (EC 3.1.1.73) are able to cut the ester linkages 
between ferulic or p-coumaric acids and -L-Araf units (Smith and Hartley, 1983). 
  
 
 
 
 
 
 
 
 
28 
 
 
 
 
  
Fi
gu
re
. H
yp
ot
he
tic
al
 c
er
ea
l-b
as
ed
 a
ra
bi
no
xy
la
n 
st
ru
ct
ur
e 
an
d 
th
e 
gl
yc
an
as
es
 h
yd
ro
ly
si
ng
 th
e 
xy
la
n 
ba
ck
bo
ne
 (a
-c
) a
nd
 th
e 
gl
yc
an
as
es
 
re
le
as
in
g 
th
e 
su
bs
tit
ue
nt
s p
re
se
nt
ed
 (d
-f
). 
Th
e 
fu
nc
tio
n 
of
 re
du
ci
ng
 e
nd
 x
yl
os
e-
re
le
as
in
g 
ex
o-
ol
ig
ox
yl
an
as
e 
(g
) i
s s
ho
w
n 
on
 A
X
O
S.
 
O
O
O
O
O
O
H H
O
C
H 2
O
H
O
H
O
O
H
O
H
O
O
O
O
O
O
O
O
H
O
H
H
O
H 2
C
O
O
O
H H
O
C
H 2
O
H
O
H
O
H
O
O
H
O
H
O
O
H
O
O
H
O
O
O
O
O
O
H
O
H
H
O
H 2
C
O
H
O
O
H
O
O
O
C
H 3 HO O
H
O
H
O
O
C
O
O
O
O
O
O
O
H
O
C
H 2
O
H
O
H
O
O
H
O
H
O
H
O
H
O
O
H
O
H
O
O
H
O
O
H
O
H
O
O
O
H H
O
C
H 2
O
H
O
H
O
O
H
O
O
H
O H
O
O
H a.
 e
nd
o-
1,
4-
-D
-x
yl
an
as
e 
G
H
10
 (E
C
 3
.2
.1
.8
)
b.
 e
nd
o-
1,
4-
-D
-x
yl
an
as
e 
G
H
11
 (E
C
 3
.2
.1
.8
)
c.
 e
xo
-1
,4
--
D
-x
yl
os
id
as
e 
(E
C
 3
.2
.1
.3
7)
d.
 -
L-
ar
ab
in
of
ur
an
os
id
as
e
AX
H
-m
(E
C
 3
.2
.1
.5
5)
e.
 -
L-
ar
ab
in
of
ur
an
os
id
as
e
AX
H
-d
3 
(E
C
 3
.2
.1
.5
5)
f. 
-g
lu
cu
ro
ni
da
se
(E
C
 3
.2
.1
.1
31
)
g.
 re
du
ci
ng
en
d
xy
lo
se
-r
el
ea
si
ng
ex
o-
ol
ig
ox
yl
an
as
e
(E
C
 3
.2
.1
.1
56
)
a,
 b
, c
a
d
e a
a
a,
 b
a
f
d
d
a O
O
O
O
O
O
O
O
H
O
H
H
O
H 2CO
H
O
H
O
O
H
O
H
O
H
H
O
O
H
OH
O
O
H
g
d
c
 
 2
29 
 
2.3 Enzymatic preparation of arabinoxylo-oligosaccharides 
Arabinoxylo-oligosaccharides (AXOS) can be produced from polymeric arabinoxylans, 
using restricted acid hydrolysis, hydrothermal processing (autohydrolysis), extensive dry 
ball milling or enzymatic hydrolysis (Garrote and Parajó, 2002; Tenkanen, 2004; Van 
Craeyveld et al., 2009). Only enzymatic hydrolysis allows specific regulation of the end-
products and it is possible to obtain AXOS having the desired degree of polymerization 
(DP) and substitution patterns. Others of the above-mentioned methods produce more 
indiscriminate oligosaccharide mixtures with varying polymerization and substitution 
degrees. The enzymatic preparation of AXOS is described in detail in the following 
sections. 
 
Purified enzymes allow the hydrolysis end-products to be successfully regulated, while 
commercial enzyme mixtures usually contain a combination of different enzymes that may 
affect  the  hydrolysis  pattern.  The  DP and  degree  of  substitution  (DS)  can  be  effectively  
reduced with different enzymes. The hydrolysis products are mainly xylose, unsubstituted 
linear XOS and AXOS. However, if the xylose backbone is heavily substituted, there are 
no sites on the backbone accessible for the enzymes. For structural analysis, AXOS must 
be isolated from the other hydrolysis end-products. Gel permeation chromatography 
(GPC) and anion-exchange chromatography (AEC) are widely used methods in 
preparative separation of monosaccharides and various oligosaccharides, based on their 
differences in size and charge (Kormelink et al., 1993b; Kabel et al., 2002c). AXOS, 
formed in hydrolysis, provide information on the substrate specificity of the enzymes 
used, and the data obtained from the hydrolysis products can be used in making structural 
models for AX (Gruppen et al., 1993). 
2.3.1 AXOS from isolated AX 
AXOS, with DP of 3-11, were prepared and identified in the studies presented in Table 3. 
The most comprehensive studies on isolation and structural characterization of AXOS 
were carried out after the hydrolysis of wheat endosperm AX with Aspergillus awamori 
xylanases I and III, which unfortunately have not been assigned into GH families but most 
probably are members of GH10 and GH11, respectively (Gruppen et al., 1992; Kormelink 
et al., 1993a; Viëtor et al., 1994). Kormelink et al. (1993b) reported that A. awamori endo-
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1,4--D-xylanase I converted 72% of the wheat flour AX into mono-, di- and 
oligosaccharides with DP 3-10, whereas xylanase III hydrolysed 50% of AX into 
oligosaccharides with DP 5-10. Endo-1,4--D-xylanase I  was able to produce singly and 
doubly substituted AXOS with nonreducing terminal branches. AXOS with at least one 
unsubstituted xylose unit in the nonreducing terminal before the branched xylose residue 
were produced by endo-1,4--D-xylanase III. Similarly, shorter AXOS were also formed 
by other GH10 endo-1,4--D-xylanases than by those from GH11 presented in Table 3. 
 
The amounts of AXOS produced have seldom been determined. Viëtor et al. (1994) 
reported a 24 wt% yield for all quantified mono- and oligosaccharides from barley AX 
after xylanase treatment. In the study of Ordaz-Ortiz et al. (2004), 8 wt% of AXOS with 
DP 4-9 were identified and quantified after wheat flour AX xylanase treatment. The main 
AXOS (XA3XX) with the highest yield comprised 3% (77 mg) of all the AXOS 
quantified.  
 
A disaccharidic side chain fairly uncommon in cereals, namely 2-O--D-Xylp--L-Araf, 
was reported in AXOS obtained by GH family 11 endo-1,4--D-xylanase hydrolysis of 
barley husk AX. This hexasaccharide (-D-Xylp-(14)-[-D-Xylp-(12)--L-Araf-
(13)]--D-Xylp-(14)--D-Xylp-(14)-D-Xyl) (XD2,3XX),  was  isolated  and  the  
structure determined by Höije et al. (2006). 
 
The commercial preparation Ultraflo (Novo-Nordisk A/S, Bagsvaerd, Denmark) has also 
been used to prepare AXOS. Ultraflo is a -glucanase preparation produced by Humicola 
insolens and it contains side activities such as cellulase, xylanase, arabinase and feruloyl 
esterase (Faulds et al., 2002). Broberg et al. (2000) treated the extracted barley malt AX 
with  Ultraflo  and  identified  six  different  AXOS  (A2XX,  A2+3XX, XA2+3XX, A2XXX, 
A2+3XXX). The AXOS amounts in the fractions collected were 3-18 g (4-26 nmol). 
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Table 3. Arabinoxylo-oligosaccharides obtained in hydrolysis of various AX extracted 
from cereal-based materials. The main AXOS produced are underlined. 
Enzyme, GH family 
(Production organism) 
Substrate (AX) 
origin AXOS Reference 
Endo-1,4--D-xylanase HC-II 
GH family not determined 
 (Ceratocystis paradoxa) 
Wheat 
endosperm 
A3X 
A3XX 
A3XXX 
 
Dekker and 
Richards, 1975 
Endo-1,4--D-xylanase 
GH11* 
(Aspergillus) 
 
Wheat flour XA3XX 
XA2+3XX 
XA3XXX 
XXA3XX 
XA2+3XXX 
XXA2+3XX 
 
Hoffmann et al., 
1991 
Endo-1,4--D-xylanase I 
GH10* 
 (Aspergillus awamori) 
Wheat flour A3X 
XA3X 
A3A3X 
A2+3XX 
A2+3A3X 
XA3A3X 
XA2+3XX 
A3A2+3XX 
A2+3A2+3XX 
XA3A2+3XX 
XA2+3A2+3XX 
XA2+3XA2+3XX 
 
Kormelink et al., 
1993b; 
Gruppen et al., 
1993 
Endo-1,4--D-xylanase III 
GH11* 
 (Aspergillus awamori) 
Wheat flour XA3XX 
XA2+3XX 
XXA3XX 
XA3A3XX 
XXA2+3XX 
XA3A2+3XX 
XA2+3A2+3XX 
XA2+3A3XX 
XXA3A3XX 
XXA3A2+3XX 
XA3A2+3XXX 
XA3XA3XX 
XA2+3XA2+3XX 
XA3XXA3XX 
XXA3XA3XX 
 
Kormelink et al., 
1993b; 
Gruppen et al., 
1993 
Endo-1,4--D-xylanase I 
GH10* 
(Aspergillus awamori) 
Barley cell wall A3X 
XA3X 
A2XX 
A2+3XX 
XA2+3XX 
A3A3X 
XA3A3X 
A2A3X 
A2+3A3X 
Viëtor et al., 
1994 
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Table 3. continued    
Enzyme, GH family 
(Production organism) 
Substrate (AX) 
origin AXOS Reference 
Endo-1,4--D-xylanase 
GH11 
(Aspergillus tubingensis) 
 
Wheat flour XA2XX 
A2+3XX 
XA2+3XX 
XA3A2+3XX 
X 2+3A2+3XX 
XA2+3XA2+3XX 
 
van Laere et al., 
2000 
Endo-1,4--D-xylanase I 
GH10* 
 (Aspergillus awamori) 
Brewery´s spent 
grain 
A3X 
XA3X 
A2+3XX 
XA2+3XX 
 
Kabel et al., 
2002a, 
Kabel et al., 
2002b 
Endo-1,4--D-xylanase I 
GH10* 
 (Aspergillus awamori) 
Corncob A3X 
A2XX 
XA3X 
 
Kabel et al., 
2002a 
Endo-1,4--D-xylanase I  
GH10* 
(Aspergillus awamori) 
 
Wheat bran A3X 
XA3X 
 
Kabel et al., 
2002a 
Endo-1,4--D-xylanase 
GH11 
 (Trichoderma viride) 
Wheat flour XA3X 
XA3XX 
XA2+3XX 
XA3A3XX 
XA3A2+3XX 
XA2+3A3XX 
XA2+3A2+3XX 
XA3XA3XX 
 
Ordaz-Ortiz et al., 
2004 
Endo-1,4--D-xylanase M3 
GH11 
(Trichoderma longibrachiatum) 
 
Barley husks XD2,3XX Höije et al., 
2006 
Endo-1,4--D-xylanase† 
GH11 
(Thermomyces lanuginosus) 
Wheat flour XA3X 
XA2+3X 
XA3XX 
XA2+3XX 
XA3A3XX 
XA2+3A3XX 
XA3A2+3XX 
XA3XA3XX 
XXA2+3XX 
XA3A2+3A3XX 
XA2+3XA2+3XX 
XA2+3XA3XX 
XA2+3XXA2+3XX 
XA3XA3XA3XX 
XA2+3XXA3XX 
XA2+3A2+3XX 
XA3XXA3XX 
Puchart and 
Biely, 2008 
*Belong most probably to the GH families indicated 
† AXOS obtained from the fermentation of AX by fungus T. lanuginosus, not purified enzyme 
33 
 
2.3.2 AXOS from lignocellulosic materials 
In addition to preparing AXOS from extracted AX, AXOS can also be produced directly 
from lignocellulosic material. In the study of Swennen et al. (2006), AXOS were produced 
on a large scale from wheat bran (500 kg). Wheat bran was first enzymatically destarched 
and deproteinized and later treated with Bacillus subtilis GH11 endo-1,4--D-xylanase. 
The AXOS obtained were fractionated with a graded ethanol precipitation, in which the 
ethanol concentration was increased stepwise until a final concentration of 90% (v/v) was 
reached. The AXOS produced had an average DP of 15 and Ara/Xyl ratio of 0.27. The 
yield  of  AXOS  was  6  wt%  with  a  purity  of  72%.  The  -D-Xylp units were generally 
monosubstituted with -L-Araf O-3 residues, but the AXOS obtained with 40-70% 
ethanol precipitation contained nearly as much -L-Araf doubly substituted -D-Xylp 
units. In the study of Maes et al. (2004), destarched and deproteinized wheat bran (1000 g) 
was incubated with endo-1,4--D-xylanase from B. subtilis (GH11; Grindamyl H640, 
Danisco A/S, Copenhagen, Denmark) and Aspergillus aculeatus (GH10; Shearzyme 500L, 
Novozymes A/S, Bagsvaerd, Denmark). Endo-1,4--D-xylanase from B. subtilis was able 
to hydrolyse 41 wt% of water-unextractable AX into AXOS with average DP of 15, while 
A. aculeatus endo-1,4--D-xylanase hydrolysed only 18 wt% (average DP of 8). The same 
study showed that, A. aculeatus endo-1,4--D-xylanase prefentially degrades water-
extractable AX. 
2.4 Separation and detection methods in AXOS analytics 
Carbohydrates have hardly any ultraviolet (UV) absorption, due to absence of -bonding, 
and therefore either refractive index (RI) or electrochemical (EC) detection are used in 
their analysis. EC detection has become the preferred analytic method, especially in trace 
analysis, due to its low detection limits (picomolar level) (Johnson and LaCourse, 1990; 
Lee, 1990; Johnson et al., 1993). High-performance anion-exchange chromatography 
coupled with pulsed amperometric detection (HPAEC-PAD) is currently routinely used 
for oligosaccharide separation and analysis. HPAEC-PAD is capable of exceptional 
resolution of neutral and charged oligosaccharide isomers (Lee, 1990, 1996; Kabel et al., 
2002c). Futhermore, the reproducibility of HPAEC-PAD is favourable (Thayer et al., 
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1998). One of the greatest advantages of HPAEC-PAD is its capability for separating 
underivatized oligosaccharides (Lee, 1990). 
 
Carbohydrates are weak acids with pKa > 12, and in anion-exchange columns separation is 
achieved at high pH, using strong alkaline solutions (0.1 M NaOH) (Lee, 1990; Johnson et 
al., 1993). Dissociation of protons from hydroxyl groups at high pH creates oxyanions that 
are  retained  by  the  HPAEC  column  (Thayer  et  al.,  1998).  The  retention  time  (tR) is 
inversely correlated with pKa value and increases with increasing molecular mass of the 
carbohydrates. Retention times can be substantially decreased by addition of acetate ions 
(OAc-) (Johnson et al., 1993). 
2.4.1 Retention of monosaccharides 
Predicting the elution order of monosaccharides is complicated, due to their complex 
equilibrium between pyranoses and furanoses, and - and -anomers. Some principal 
elution rules can be stated based on carbohydrate stereochemistry and functional groups. 
The anomeric hydroxyl group of carbohydrates is more acidic than the others and affects 
the  most.  The  elution  order  largely  corresponds  to  the  pKa values of carbohydrates, and 
among pentoses the monosaccharide with the higher pKa elutes first, e.g. arabinose (pKa 
12.43) elutes before xylose (pKa 12.29). Furthermore, the axial 1-OH -anomers are 
expected to be stronger acids than the equatorial 1-OH -anomers, and the amount of -
anomers is expected to be much higher in mannose than in glucose, which may explain the 
earlier elution of glucose. Regarding homomorphous hexose and pentose, the pentose 
seems  to  elute  earlier  (L-arabinose  <  D-galactose).  Yet,  xylose  which  lacks  5-CH2OH 
(Figure 3) but otherwise is similar to glucose, elutes later than the more acidic glucose 
(pKa 12.35) (Lee, 1990). 
D-gluco-
pyranose
O
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H
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H OH
H
OH
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H H
OH
D-manno-
pyranose  
Figure 3. Structures of L-arabinofuranose, D-galactopyranose, D-mannopyranose, D-
glucopyranose and D-xylopyranose.  
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2.4.2 Retention of oligosaccharides 
With  the  oligosaccharides,  the  position  of  the  glycosidic  linkages  and  the  overall  
conformational structures become important factors and elements other than acidity of the 
1-OH groups have more influence on the elution order. In the study of Roberts et al. 
(1971), different pKa values were found for each of the hydroxyl groups. They reported 
the acidity of the hydroxyl groups in methyl - or -D-glucopyranoside to be 2-OH > 6-
OH > 3-OH > 4-OH. Thus, masking or transformation of some of the hydroxyl groups 
influences the elution order of oligosaccharides. Generally the retention volume increases 
as the DP increases. The linkage position influences the elution in the following order for 
glucose oligosaccharides: -1,3 > -1,3 > -1,4 > -1,4 > -1,6 > -1,2 > -1,6 (Koizumi 
et al., 1991) and therefore the elution order is different for various D-glucose 
disaccharides. Since the retention times for oligosaccharides from the Xyl(1,4) series are 
shorter than for the Glc(1,4) series, and the only difference between the series is the 
absence of the -CH2OH group from xylose, it has been concluded that 6-OH may well be 
accessible by the resin surface. On the other hand, even with free 6-OH groups the 
Man(1,4) (Figure 3) series elutes even before the corresponding xylose series, and thus it 
was suggested that the presence of axial 2-OH somehow hinders the interactions between 
the oligosaccharide and the resin (Lee, 1990).  
 
Information on the retention of branched oligosaccharides is limited. However, two factors 
are operative in determining the elution order: 1) the relative acidities of the hydroxyl 
groups and 2) the accessibility of the oligosaccharide oxyanions to the functional groups 
of the stationary phase. Hardy and Townsend (1988) studied the separation of neutral 
oligosaccharides from glycoproteins, but the results cannot straightforwardly be applied to 
AXOS. 
2.4.3 Pulsed amperometric detection 
In pulsed amperometric detection, the carbohydrates are oxidized at the gold (Au) 
electrode (Johnson and LaCourse, 1990). PAD, with an Au working electrode, was 
developed  to  enable  frequent  renewal  of  the  working  electrode  surface.  High  sensitivity  
for anodic detection of carbohydrates at Au electrodes requires pH  12 (Johnson et al., 
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1993). Functioning of the electrode can be divided into three steps. During the first step 
the carbohydrates are oxidized at the Au electrode, resulting in a specific oxidation 
current, and within this step the signal is collected. This is followed by a large positive 
potential to achieve anodic formation of surface oxides to clean the electrode. The last 
phase is a reactivation step, since the oxidized electrode surface is reduced back to a 
reactive Au surface. Oxidation of glucose in the acyclic form on PAD during the first step 
is described as follows: a first very rapid two-electron oxidation of the aldehyde to the 
corresponding carboxylic acid occurs, followed by relatively rapid steps resulting in 
cleavage of the C1-C2 bond with production of CHO2H, after which C2 and C6 are 
converted to the corresponding carboxylates. Further sequental anodic cleavage of the 
remaining terminal carbons occurs slowly and the electrons released during oxidation are 
detected (Johnson and LaCourse, 1990). 
 
PAD does not provide a uniform response to the carbohydrates composed of the same 
monosaccharide units but with different structural arrangement of the residues. Therefore 
this technique requires a quantification standard for each oligosaccharide to be determined 
(Lee, 1990). This is a serious disadvantage, since reference compounds for complicated 
oligosaccharides are not available and thus must be self-prepared. Previous information on 
responses for oligosaccharides, including AXOS, is limited. When quantitative analyses 
are performed, the choice between measuring area or height is a compromise between 
several factors. In integrating the peaks, either peak height or peak area can be used when 
good resolution and peak shape are achieved. Sometimes peak height is more precise than 
area in measuring the quantity, even though area is more widely used in chromatography 
(Dyson, 1998). Snyder (1972) showed that height is less affected by overlap than area 
with symmetric peaks, while Meyer (1995) demonstrated that height is a safer choice in 
measuring small overlapped peaks. Furthermore, integration errors for height 
measurements are smaller in almost every situation than the corresponding area 
measurements. A shortcoming of using the peak height is that height is a function of peak 
width, making this dependent on column efficiency, not the quantity of the measured 
molecule. For integration, however, peak height can be recommended in several cases 
(Bicking, 2006). 
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2.5 Prebiotics and probiotics 
2.5.1 Definition of pro- and prebiotics 
Research on prebiotic compounds and probiotic bacteria has been active for over a decade. 
A probiotic is “a live microbial food ingredient that is beneficial to health” (Salminen et 
al., 1998). The health effects associated with probiotic intake include: relieving of lactose 
malabsorption symptoms, improvement of natural resistance to infectious diseases of the 
gastrointestinal tract, suppression of cancer, serum cholesterol concentration reduction, 
and improved digestion and stimulation of gastrointestinal immunity (Collins and Gibson, 
1999). 
 
Prebiotic compounds are targeted to stimulate the growth of the bifidobacteria and 
lactobacilli that are recognized as health-promoting probiotics (Gibson and Roberfroid, 
1995). Gibson et al. (2004) provided the latest definition for prebiotic compound: "A 
prebiotic is a selectively fermented ingredient that allows specific changes, both in the 
composition and/or activity in the gastrointestinal microflora that confers benefits upon 
host well-being and health." Thus, to evaluate the prebiotic properties of different 
compounds, three criteria were established by Gibson et al. (2004): 1) A prebiotic 
compound should resist gastric acidity, hydrolysis by mammalian enzymes and 
gastrointestinal absorption 2) the intestinal microflora is able to ferment the compound 
and  3)  a  prebiotic  compound  can  selectively  stimulate  the  growth  and/or  activity  of  
intestinal bacteria associated with health and well-being. 
 
The human gastrointestinal tract (GIT) is a microecosystem in which beneficial, 
potentially pathogenic and harmful bacteria coexist. Normal physiological functions are 
enabled, unless harmful and potentially pathogenic bacteria predominate. Thus, the 
maintaining of proper equilibrium of the microbiota is important and may be aided, by 
using probiotics, prebiotics or their combination, synbiotics, in the diet (Bielecka et al., 
2002). 
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2.5.2 Potential prebiotic (oligo)saccharides 
Fructo-oligosaccharides, galacto-oligosaccharides and lactulose are selectively fermented 
by probiotics and thus can be called prebiotics (Gibson et al., 2004). In addition, the 
prebiotic potentials of several other oligosaccharides have been tested. For example, linear 
xylo-oligosaccharides have shown promising results in in vitro and in vivo studies 
(Okazaki et al., 1990; Crittenden and Playne, 1996; Vázquez et al., 2000).  XOS are 
reported to be stable over a wide range of pH values (2.5-8.0), and are indigestible in the 
digestive tract (Vázquez et al., 2000). However, linear oligosaccharides may be fermented 
rapidly in the colon and thus oligosaccharides with more complex carbohydrate structures 
are currently studied to find slower-fermenting prebiotics (Voragen, 1998; Kabel et al., 
2002b). Furthermore, no evidence for a selective stimulation of bifidobacterial growth by 
XOS has yet been demonstrated, since in addition to bifidobacteria, Bacteroides, 
Clostridium and Lactobacillus are also able to metabolize XOS (Moura et al., 2007). 
 
One potential group is arabinoxylan-derived arabinoxylo-oligosaccharides, which may 
have varying chemical structures, depending on the xylan source and the degradation 
method used (Grootaert et al., 2007). Both AXOS and AX have shown promising 
prebiotic properties in pure culture in vitro studies (van Laere et al., 1997, 1999, 2000; 
Palframan et al., 2003; Yuan et al., 2005; Grootaert et al., 2007). Some studies also 
investigated the relationship between the structure of AX and the growth of mixed 
intestinal bacteria cultures (Karppinen et al., 2001; Hopkins et al., 2003; Hughes et al., 
2007). Since AXOS differ in degree of polymerization and in degree of substitution, the 
diversity of these compounds is higher than in other commercial prebiotic carbohydrates. 
In evolving prebiotic compounds, the target is to increase the persistence of prebiotics in 
the colon, since slow fermentation was related to decreasing the risk of colon cancer 
(Grootaert et al., 2007). Until recently, little information has been available on which 
AXOS would be the most beneficial. The challenge for these studies is to have enough 
purified and well-defined AXOS preparations. 
 
Grootaert et al. (2009) evaluated the prebiotic effect of an AXOS preparation with average 
DP of 15 and Ara/Xyl ratio of 0.27. A model of the human intestinal microbial ecosystem 
was  used  and  a  shift  in  part  of  the  sugar  fermentation  toward  the  distal  colon  part  was  
observed with AXOS supplementation. AXOS also had a strong propionate-stimulating 
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effect. Additionally, xylanase-pretreated AX (not characterized) stimulated the colonic 
bifidobacteria in the human gut model (Vardakou et al., 2007). 
 
Only a few in vivo fermentation studies on AXOS can be found in the literature. Van 
Crayeveld et al. (2008) evaluated the prebiotic potential of wheat bran-derived AXOS in 
relation  to  their  structure  in  rats.  AXOS  and  XOS  with  DP   3  resulted  in  increased  
colonic acetate and butyric concentrations and increased amount of bifidobacteria. On the 
other hand, AXOS with average DP of 61 effectively suppressed branched short-chain 
fatty acid concentrations, thus shifting the balance away from protein fermentation, but the 
long-chain AXOS did not increase the butyrate concentration or stimulate faecal 
bifidobacteria development. AXOS with DP of 12, Ara/Xyl ratio of 0.69 and AXOS with 
DP of 15, Ara/Xyl ratio of 0.27 affected similarly, suggesting that the influence of DP was 
more pronounced. The best gut health effects were obtained with AXOS of DP 5 and 
Ara/Xyl ratio of 0.27. Cloetens et al. (2008) studied the effect of AXOS preparation 
produced from wheat on colonic metabolism in human volunteers. The results from the 
study suggest that a minimal dose of 2.2 g of AXOS (DP 15, Ara/Xyl ratio 0.26) 
favourably modulates colonic metabolism in healthy humans. However, long-term studies 
are still required to confirm the results. 
2.5.3 Production of SCFA during fermentation of prebiotics 
The fermentation of short oligosaccharides (prebiotics) in the large intestine by colonic 
bacteria leads, in addition to microbial growth, to the production of CO2, H2, SCFA and 
lactate. SCFA and lactate can be metabolized further to provide energy to the host. In 
addition, many health effects have been reported for SCFA, such as improvement in bowel 
function,  calcium absorption,  lipid  metabolism and  reduction  of  the  risk  of  colon  cancer  
(Scheppach et al., 2001; Scharlau et al., 2009). The production of unbranched SCFA 
(acetate, propionate, and butyrate) is desired, since they are able to lower the pH in the 
intestine and inhibit the growth of potentially harmful bacteria (Campbell et al., 1997a; 
Wong et al., 2006). Butyrate was especially able to inhibit the growth of colonic 
carcinoma cells in in vitro and in vivo experiments. Butyric acid formation during colonic 
fermentation also appears to correlate with the cancer-suppressing properties of dietary 
fibre (Scheppach et al., 1995; Wollowski et al., 2001). Some authors refer that butyrate 
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can also be produced from lactate by some intestinal bacteria (Duncan et al., 2004). In 
contrast, the concentrations of branched SCFA (isobutyrate, isovalerate) should be 
reduced, since they are formed during catabolism of proteins into potentially toxic 
catabolites associated with bowel cancer (Visek, 1978; Van Craeyveld et al., 2008). 
Probiotics may in some cases be able to suppress protein fermentation in the colon (De 
Preter et al., 2004). 
2.5.4 Intestinal microbiota 
The intestinal microbiota play an important role in the maintainance of health and in 
prevention of disease, which is well recognized (Holzapfel and Schillinger, 2002). In the 
GIT there are more than 400 bacterial species, of which the lactic-acid bacteria constitute 
approximately 10%. Gram-positive anaerobic Bacteroides, Eubacterium, and 
Bifidobacterium species predominate in the large intestine, but there are also other 
important groups such as clostridia and lactobacilli (Kontula et al., 2000; Holzapfel and 
Schillinger, 2002). The presence of bifidobacteria in the GIT was associated with 
beneficial health effects (Modler, 1994). The growth of these bacteria is linked with their 
ability to produce proteins, such as extra- and intracellular hydrolytic enzymes, as well as 
mono- and oligosaccharide transporters involved in the metabolism of nondigestive 
carbohydrates (van den Broek et al., 2008). 
2.5.5 Bifidobacterial enzymes in AXOS utilization 
The genome sequences of B. longum NCC 2705 and B. adolescentis ATCC 15703 have 
revealed high levels of proteins related to the utilization of nondigestive polysaccharides 
and oligosaccharides, including putative -D-xylosidases and -L-arabinofuranosidases 
for degradation of AXOS (Schell et al., 2002; van den Broek et al., 2008). Thus far, 
bifidobacteria are not known at the protein level to produce endo-1,4--D-xylanase, but 
one putative xylanase-encoding gene (GH family 8) was isolated (van den Broek et al., 
2005). Thus, other microorganisms in the GIT are needed for the hydrolysis of polymeric 
nondigestive AX into oligosaccharides. The key enzymes for utilization of AXOS are the 
-L-arabinofuranosidases. Bifidobacterium adolescentis ATCC 15703 harbours genes for 
two extracellular polymeric xylan-acting -L-arabinofuranosidases: AXH-m (GH family 
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51) and AXH-d3 (GH family 43), which are able to release -L-Araf from  mono-  and  
doubly substituted -D-Xylp residues, respectively (van Laere et al., 1999; van den Broek 
et al., 2005, 2008). Surprisingly, the B. longum NCC 2705 genes annotated into familes 
GH43 and GH51 have not revealed significant homology with currently known 
extracellular -L-arabinofuranosidases (van den Broek et al., 2008), although several B. 
longum strains were able to grow on rye arabinoxylan, presumably by releasing and 
metabolizing -L-Araf substituents (Crittenden et al., 2002). Indeed, many other B. 
longum strains evidently have GH family 51 -L-arabinofuranosidase (Gueimonde et al., 
2007). The genome sequences of Clostridium and Lactobacillus strains have until now 
revealed no enzymes in GH families 43 and 51 containing -L-arabinofuranosidases and 
-xylosidases (van den Broek et al., 2008), which further indicates the potential use of 
AXOS as prebiotic oligosaccharides with bifidobacterial selectivity. 
 
Despite several studies suggesting that AXOS and, especially, various AX hydrolysates 
are potential prebiotics (Grootaert et al., 2007; Vardakou et al., 2008), there is a lack of 
information on the influence of the molecular structure of the putative prebiotic AXOS on 
the growth of probiotic bifidobacteria. Table 4 summarizes the growth of several 
bifidobacterial strains on L-arabinose, D-xylose, XOS, AXOS and (arabino)xylan 
substrates. Usually the growth was determined by measuring the optical density (OD) and 
detecting SCFA production in the fermentation samples. HPAEC-PAD was also used in 
some studies to determine the utilization of carbohydrates (Crittenden et al., 2002; van 
Laere et al., 2000; Moura et al., 2007; Gullón et al., 2008). 
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3. AIMS OF THE STUDY 
The overall aim of this thesis was to prepare and purify different short-chain arabinoxylo-
oligosaccharides (AXOS) from cereal arabinoxylans (AX) and to elucidate the structures 
and  to  study  prebiotic  potential  of  the  AXOS manufactured.  Enzyme action  on  AX was  
investigated through AXOS produced in the hydrolysis, and the studies were also carried 
out to obtain information on the behaviour of structurally different AXOS in 
chromatography. 
 
The main objectives were: 
 
- To enzymatically prepare short-chain AXOS and separate them from the other hydrolysis 
products, using chromatographic methods (I-III) 
- To fully analyse the structures of the purified AXOS (I-III) 
- To evaluate the function of the Shearzyme used in the enzymatic hydrolysis (I-III) 
-  To specify the elution order of the AXOS and determine the responses of the different 
AXOS on the HPAEC-PAD system used (II, III) 
- To determine the structure of several different cereal AX (I-III) and the occurrence of -
D-Xylp-(12)--L-Araf-(13) side chain in them (III) 
- To study the prebiotic potential of the AXOS in in vitro studies, and in particular to 
examine the influence of specific -L-Araf substitutions on growth of bifidobacteria (IV) 
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4. MATERIALS AND METHODS 
This section summarizes the materials and methods presented in more detail in the original 
articles I-IV. 
4.1 Materials 
4.1.1 Carbohydrates 
The arabinoxylans used in studies I-IV are listed in Table 5. Some of the AX used were 
purchased and a few were obtained as gifts. The remaining AX were extracted from 
different cereal samples. The AX were used as starting materials for preparation of AXOS 
(I-IV) and in in vitro fermentation studies (IV) for substrate production. 
 
Table 5. Arabinoxylans used in studies I-IV. 
Origin Abbr. Manufacturer Study 
Rye flour (high-viscosity) RAX Megazyme 
(Bray, Ireland) 
I, IV 
Wheat flour (high-viscosity) WAX-hv Megazyme I 
Wheat flour (medium-viscosity) WAX-mv Megazyme II, IV 
Wheat flour (low-viscosity) WAX-lv Megazyme I 
Oat spelts OSAX Sigma-Aldrich Chemie  
(Steinheim, Germany) 
I, III 
Corncob CCAX Dr. Ramírez/Dr. Saake 
(University of Guadalajara, Mexico  
/vTI, Hamburg, Germany) 
III 
Wheat straw WStAX VTT, Finland/Dr. Jürgen Puls (vTI) III 
Arabinoxylan origin Abbr. Manufacturer of cereal product Study 
Barley husks BHAX* Husks from Altia Corp.  
(Koskenkorva, Finland) 
III 
Oat brans OBAX* Brans from Raisio Oyj 
(Raisio, Finland) 
III 
Rice husks RiHAX* Husks from Prof. Parajó  
(University of  Vigo, Spain) 
III 
Rye brans RBAX* Brans from Korpela Mill  
(Jalasjärvi, Finland) 
III 
Wheat brans WBAX* Brans from Raisio III 
*Arabinoxylans were extracted in our laboratory 
 
Monosaccharides, L(+)-arabinose, D(+)-xylose, and D(+)-glucose from Merck 
(Darmstadt, Germany) and linear XOS (1,4--D-xylobiose, 1,4--D-xylotriose and 1,4--
D-xylotetraose) from Megazyme were used as standards in thin layer chromatography 
46 
 
(TLC) and HPAEC-PAD analysis (I-IV). The preceding monosaccharides were also used 
as standards in gas chromatography (GC) analysis (I-III). XOS from Wako Pure Chemical 
Industries (Osaka, Japan), FOS from BioCare (Birmingham, UK) and monosaccharides 
(arabinose and xylose) were used in the fermentation studies (V). 
4.1.2 Enzymes 
The commercial xylanase preparation Shearzyme®, which contains the Aspergillus 
aculeatus GH family 10 endo-1,4--D-xylanase as the main enzyme (49 100 nkat/ml), was 
used to prepare short-chain AXOS from the AX (I-IV). Shearzyme 500 L was obtained 
from Novozymes  A/S.  The  purified  enzymes  were  used  to  produce  various  AXOS from 
AX and to  evaluate  the  structures  of  the  AXOS formed with  enzyme-aided  methods  (I-
IV). The purified enzymes used are listed in Table 6.  
 
Table 6. Purified enzymes used in studies I-III.  
Purified 
enzyme Organism 
EC 
Number 
GH 
Family 
Activity 
(nkat/ml) Source Study 
AXH-m 
(E-AFASE) Aspergillus niger 3.2.1.55 54* 6970 Megazyme I 
AXH-d3  
(E-AFAM2) 
Bifidobacterium 
adolescentis 3.2.1.55 43 3340 Megazyme II 
XH-m Unknown 3.2.1.55  14590 Novozymes II, III 
-xylosidase Trichoderma reesei 3.2.1.37 3 2340 VTT I 
endoxylanase Aspergillus oryzae 3.2.1.8 10* 1850 VTT I 
endoxylanase Aspergillus aculeatus 3.2.1.8 10 121530 Novozymes I 
exoxylanase Trichoderma reesei 3.2.1.156 5 9.7†  VTT II 
* Belong to certain GH families, based on their action; † = mg protein/ml 
 
AXH-m and AHX-d3 are -L-arabinofuranosidases (Table 6); AXH-m acts on both 
(12)- and (13)-linked Araf units on monosubstituted -D-Xylp residues, while AXH-
d3 is able to release only (13)-linked - L-Araf units from disubstituted -D-Xylp 
residues. -Xylosidase  (exo-1,4--D-xylosidase) hydrolyses the xylose chain from the 
nonreducing end, and xylanases (endo-1,4--D-xylanases) act in the middle of the xylose 
chain. The GH family 5 xylanase is an exoenzyme that releases xylose units from the 
reducing end of the xylose chain. 
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4.1.3 Bacteria used in the fermentation experiments 
The pure bacterial strains used in study IV were B. adolescentis ATCC 15703 (DSM 
20083), B. breve ATCC 15700 (DSM 20213) and B. longum ATCC 15707 (DSM 20219) 
purchased from DSMZ (Braunsweig, Germany). For faecal microbiota fermentation 
studies, the human faeces samples were obtained from a single healthy donor on four 
occasions. The faeces samples were mixed in sterilized anaerobic 0.1 M PBS buffer 
(phosphate-buffered saline). All the bacteria (pure strains of bifidobacteria and bacteria 
from faecal microbiota) were cultivated anaerobically in nutrient-poor BA media 
described by Angelidaki et al. (1990) with the modification that yeast extract (1 g/l; 
Merck) was added to the medium. The vitamin solution was prepared according to Wolin 
et al. (1963) and added prior to inoculation. 
4.2 Experimental 
4.2.1 Extraction of AX (III) 
The arabinoxylans were either purchased or obtained as purified, or extracted from various 
cereal materials in our laboratory (Table 5). The AX (III)were extracted from rye, wheat 
and  oat  brans  and  rice  husks  with  saturated  Ba(OH)2 after  enzymatic  pretreatment  by  a  
method described previously by Virkki et al. (2005). Barley husk AX was previously 
extracted by Pitkänen et al. (2008), using the same method. 
4.2.2 Monosaccharide composition analysis of AX (I, III) 
To evaluate the monosaccharide composition and to calculate the Ara/Xyl ratio of the 
isolated polymeric AX, two different methods were used to degrade AX into 
monosaccharides: 1) sulphuric acid (H2SO4) hydrolysis (I) and 2) acid methanolysis (III). 
The hydrolysis conditions for AX degradation by H2SO4 were chosen in the preliminary 
tests (results not shown). 
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1) H2SO4 hydrolysis: 
Rye flour AX was hydrolysed using 1 M H2SO4 for 30 min at 120 oC  (I).  The  H2SO4 
method was modified from that used by Lebet et al. (1997). The hydrolysis were carried 
out with four samples in parallel. After the hydrolysis, the pH was adjusted to 7-9 with 10 
M NaOH. The standards (25 mg/ml) D-xylose, L-arabinose and D-glucose, were treated 
the same way as the AX samples. The dilutions for the standard curve samples were made 
from these monosaccharide solutions. The HPAEC-PAD method for monosaccharide 
analysis (section 4.2.6.2) was used to analyse the samples. 
2) Acid methanolysis: 
Wheat, rye and oat bran AX, rice and barley husk AX, oat spelt AX and wheat straw AX 
were degraded into monosaccharides, using acid methanolysis (III) as described by 
Sundberg et al. (1996). AXOS were also degraded into monosaccharides, using acid 
methanolysis (III). The silylated monosaccharides were analysed with GC (section 
4.2.6.3). The monosaccharide standards were also treated with acid methanolysis. 
4.2.3 Enzymatic production and chromatographic purification of AXOS (I-III) 
AXOS were produced enzymatically from the extracted AX on a preparative scale. The 
commercial enzyme Shearzyme was used to hydrolyse the linear AX main chain (I-III). 
The AX (5 g/l; 1.5 g of rye flour AX (I) or 1.5 g of wheat flour AX (II) or 5 g of oat spelt 
AX  (III)) in 20 mM sodium acetate (NaOAc) buffer, pH 5.0, were incubated with 
Shearzyme (10 000 nkat/g AX (I, II) and 50 000 nkat/g AX (III)) at 40 oC for 48 h. The 
enzymes were used stepwise for the production of AXOS (II). The substitution pattern of 
AX was first modified using -arabinofuranosidase AXH-m (5000 nkat/g AX at 40 oC for 
24 h, pH 5) followed by Shearzyme treatment. Some of the L-Araf substituents were 
further removed by AXH-d3 treatment (1000 nkat/g AX at 40 oC for 24 h, pH 6.5). All the 
hydrolyses were terminated by keeping the samples in a boiling-water bath for 10 min. 
After the enzymatic treatments, the hydrolysis products were separated (I-III) according 
to Figure 4. 
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 MeGlcA- and GlcA-XOS
AX
Enzymatic hydrolysis:
xylanases
arabinofuranosidases
Monosaccharides
XOS
AXOS
MeGlcA- and GlcA-XOS
Separation by
gel permeation chromatography
Biogel P-2 column
Separation by
anion-exchange chromatography
Dowex 1 x 2 column
Monosaccharides XOS (X2, X3) AXOS
 
Figure 4. Procedure for production of purified AXOS. 
4.2.4 Preparative chromatography methods (I-III) 
Anion-exchange chromatography 
For preparative separation of AXOS and charged molecules (MeGlcA- or GlcA-XOS), oat 
spelt AX (III) (5 g/l) was treated with Shearzyme. The charged molecules were separated 
from the neutral AXOS by anion exchange chromatography (AEC) with a Dowex 1x2 
column (2.8 x 12 cm; Fluka Chemicals, Buchs, Switzerland) using milli-Q-water (2.5 
ml/min) (Millipore Corp., Billerica, MA, USA) as an eluent for neutral molecules, and 0.5 
and 2 M NaOAc (pH 7.8) as an eluent for anions. The sample (835 ml, divided into two 
batches) was fed into the AEC column and eluted with water until the elution of the 
neutral sugars ended, which was checked on the thin TLC plates. After elution of the 
neutral sugars, the charged molecules were eluted from the column, using NaOAc.  
50 
 
Gel permeation chromatography 
For preparative isolation of AXOS, rye flour AX (I),  wheat flour AX (II), and oat spelt 
AX  (III)  (5  g/l)  were  treated  with  Shearzyme.  AEC  was  used  for  the  oat  spelt  AX  
hydrolysis sample (III) to separate MeGlA- and GlCA-XOS from the neutral 
carbohydrates before the gel permeation chromatography (GPC). For GPC, each 
hydrolysed sample was concentrated to a volume of 40-50 ml with rotavapour. The AXOS 
were separated by a Biogel P2 column (8.9 x 135 cm, BioRad, Hercules, CA, USA) eluted 
with milli-Q-water at 10 ml/min and 27-ml fractions were collected (I, II). Several 5-ml 
fractions were collected after separation of AXOS with a smaller Biogel P2 column (5 x 
95 cm; Bio-Rad), using milli-Q-water (2 ml/min) as eluent (III).  Mono- and 
oligosaccharides were detected from the fractions with TLC and HPAEC-PAD (I-III). 
4.2.5 Quantification of AXOS (I-III) 
The isolated AXOS were hydrolysed into monosaccharides with -L-arabinofuranosidase 
(AXH-m; 5000 nkat/g of substrate) and -xylosidase (1000 nkat/g substrate) for 24 h at 40 
oC in 20 mM NaOAc buffer, pH 5.0 (I). The enzyme mixture (II) was used to hydrolyse 
AXOS totally into monosaccharides, as described by Virkki et al. (2008). The enzyme 
mixture used was dosed according to the -L-arabinofuranosidase activity (1000 nkat/g 
AX), which was regarded as the limiting enzyme activity in the mixture. Acid 
methanolysis was used (III) for degrading AXOS, as described above for AX degradation. 
After degradation treatment of the purified AXOS, the samples were analysed first with 
the  HPAEC-PAD  method  for  oligosaccharides  to  check  the  completeness  of  the  
hydrolysis. Thereafter, the monosaccharides were analysed with the HPAEC-PAD method 
for monosaccharides (I) or with GC (II, III) as described later.  
 
The Ara/Xyl ratio was determined from the results of the HPAEC-PAD or GC analysis.  
The concentrations of the AXOS were calculated, based on the monosaccharide yield and 
the known AXOS structure. After quantification of the AXOS sample, dilutions for the 
standard curve samples were made from the quantified sample. AXOS standard curves 
were used late to quantify the corresponding AXOS from other samples. 
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4.2.6 Analytical chromatographic methods (I-IV) 
TLC,  HPAEC-PAD  and  GC  were  used  to  separate  different  mono-,  di-  and  
oligosaccharides. Furthermore, after complete structural analysis on mass spectrometry 
(MS) and nuclear magnetic resonance (NMR) spectroscopy, chromatographic methods 
were used to identify various compounds based on their retention times in HPAEC-PAD 
or retention factors (Rf) on TLC.  
4.2.6.1 TLC 
The TLC was carried out (I-III),  using  silica  gel  60  plates  (Merck).  A  mixture  of  1-
butanol/ethanol/water (3:2:2 v/v) was used as an eluent. The carbohydrates were detected 
by  spraying  with  2%  (w/v)  orsinol  dissolved  in  a  solution  of  ethanol/H2SO4/H2O 
(80:10:10 vol%), after which the plates were heated at 105 °C for 10 min. 
4.2.6.2 HPAEC-PAD 
HPAEC-PAD was used to analyse the mono- and oligosaccharides after enzymatic or acid 
hydrolysis  of  AX  (I-IV), to identify and quantify the purified AXOS (I-III), and to 
compare the carbohydrates before and after fermentation experiments (IV). For 
monosaccharides HPAEC-PAD was used only in I, since in later studies the 
monosaccharides were analysed using GC. For oligosaccharides, the HPAEC-PAD 
method is invaluable and was used in all studies (I-IV). 
 
The HPAEC-PAD system was equipped with an SSI pulse equalizer (Scientific Systems, 
Inc., model LP 21; State College, PA, USA), two Waters 515 HPLC pumps, a PC Waters 
pump control module and a cooling Waters 717 autosampler using Millenium32 software 
(Waters  Corporation,  Milford,  MA,  USA) for  instrument  control  and  data  handling.  The  
analytical CarboPac PA-1 (I)  and  CarboPac  PA-100 (I-IV) columns (250 x 4 mm, i.d.), 
and  the  guard  column  PA-1  (I)  and  PA-100  (I-IV), respectively, (25 x 3 mm, i.d.) 
(Dionex, Sunnyvale, CA, USA) were maintained at 30 oC. All the samples were filtered, 
using a 0.45-m Acrodisc® syringe filter with nylon membrane (Pall Corporation, Ann 
Arbor, MI, USA) and the injection volume was typically 10 l in the measurements. 
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The mobile phases were filtered with 0.45-m  GH  Polypro  membrane  filters  (Pall  
Corporation) and degassed using helium. The eluents for gradient analysis of the 
oligosaccharides (I-IV) were A: 1 M NaOAc in 100 mM NaOH and B: 100 mM NaOH 
and the total analysis time was 50 min. For the monosaccharides the eluents used for 
gradient analysis (I) were A: H2O and B: 50 mM NaOH and the total analysis time was 45 
min. The monosaccharide method was modified from that of Johansson et al. (2006). The 
gradients and the flow rates for the methods are described in Table 7. In both the oligo- 
and monosaccharide methods, a Decade detector with a gold electrode (Antec Leyden, 
Zoeterwoude, The Netherlands) was used in pulse mode at 30 oC. The pulse potentials and 
durations were: E1 = 0.15 V, t1 = 400 ms, E2 = 0.75 V, t2 = 120 ms, E3 = -0.8 V, t3 = 130 
ms, ts = 20 ms.  
 
Table 7. Gradients used in the HPAEC-PAD methods for oligo- and monosaccharide 
analyses. 
HPAEC-PAD method for oligosaccharides 
Time Flow rate  (ml/min) 
%A 
1 M NaOAc in 100 mM NaOH 
%B 
100 mM NaOH 
0 1.0 0 100 
15 1.0 0 100 
35 1.0 12 88 
40 1.0 12 88 
45 1.0 0 100 
50 1.0 0 100 
HPAEC-PAD method for monosaccharides 
Time Flow rate (ml/min) 
%A 
H2O 
%B 
50 mM NaOH 
0 0.7 97 3 
21 0.7 97 3 
22 1.1 97 3 
24 1.1 0 100 
30 1.1 0 100 
32 1.1 97 3 
33 0.7 97 3 
45 0.7 97 3 
 
 
The external standard method was used in the oligosaccharide analysis (I-IV). A mixture 
of xylose, xylobiose, xylotriose and xylotetraose was used as an external standard. All the 
compounds in the standard mixture had a concentration of 25 g/ml. Raffinose (50 g/ml) 
was also added to the external standard mixture (I) and was used as an internal standard to 
allow accurate quantification by adding to the samples before the HPAEC-PAD analyses 
(I). For the monosaccharides an external standard mixture containing arabinose, galactose, 
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glucose, xylose (50 g/ml), and fructose and mannose (100 g/ml) was used; an internal 
standard was not used in the monosaccharide analysis (I).  The  external  standards  were  
injected after every three samples in both methods to monitor the retention times and the 
detection responses. 
 
For identification and quantification of the respective saccharides in the hydrolysates (I-
IV) and samples after fermentations (IV), the commercial monosaccharides X2, X3 and X4 
were used. Identification and quantification of AXOS (I-IV) was done, using pure A3X (I-
IV),  A2X, A2XX,  A2+3X, A2+3XX (II-IV),  D2,3X (III) (chemical structures of AXOS are 
presented in section 5.2, Figure 6). Standard curves were made for quantification from 
each standard compound with duplicate or triplicate samples at 4-6 concentration levels, 
as described in section 4.2.4. The peak heights (mV) were used in quantification of the 
carbohydrates. XA3X  and  U4m2XX  were  used  as  standards  for  identification  (III), and 
XA3XX  to  determine  the  elution  order  of  AXOS  in  HPAEC-PAD.  Purified  XA3X and 
XA3XX were obtained from rye flour AX that was hydrolysed with GH11 T. reesei endo-
1,4--D-xylanase and U4m2XX from birch xylan hydrolysed with Shearzyme.  
4.2.6.3 GC 
GC analysis of monosaccharides 
GC methods were used to analyse the monosaccharide composition of AX after acid 
methanolysis, according to the method of Sundberg et al. (1996) (I, III),  and  after  total  
enzymatic hydrolysis of AX, using the method of Virkki et al. (2008) (IV) (Table 8). GC 
methods  were  also  used  to  analyse  the  monosaccharides  after  degradation  of  AXOS (II, 
III). The monosaccharides obtained with acid methanolysis were silylated and sorbitol 
was used as an internal standard. The monosaccharides obtained from the enzymatic 
hydrolysis were reduced and acetylated, and myoinositol was used as an internal standard. 
The monosaccharide derivatives were then analysed with GC, using one of the three 
methods presented in Table 8. Quantification was performed, using six concentration 
levels of each sugar (arabinose, xylose and glucose) and all the samples and standards 
were analysed in duplicate or triplicate. 
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Table 8. Summary of the GC methods used in the monosaccharide composition analysis 
of  AX and AXOS (I-III). 
 I II III 
Sample-degrading 
method 
Acid methanolysis 
(Sundberg et al.,  
1996) 
Enzymatic hydrolysis 
(Virkki et al., 2008) 
Acid methanolysis 
(Sundberg et al., 
1996) 
Monosaccharide 
pretreatment 
Silylation Acetylation Silylation 
GC instrument Hewlett Packard 
HP5859 series II 
system 
Hewlett Packard 
HP5859 series II 
system 
Agilent 6890N 
system 
Detector FID FID FID 
Injector/autosampler HP7673 series 
injector and 
autosampler 
(Hewlett Packard) 
HP7673 series injector 
and autosampler 
(Hewlett Packard) 
Agilent 7683 series 
injector and 
autosampler 
Column HP-5 (30 m, 0.32-
mm i.d., 0.25-m 
film thickness; 
Agilent 
Technologies) 
HP-5 (30 m, 0.32-mm 
i.d., 0.25-m film 
thickness; Agilent 
Technologies) 
DB-1 (30 m, 0.25-
mm i.d., 0.25-m 
film thickness; 
Agilent 
Technologies) 
Temperature 
programme 
Gradient system: 
150 oC for 5 min, 
 2 oC/min to 260 oC 
Isothermal programme: 
200 oC for 20 min 
Gradient system: 
150 oC for 3 min 
1) 2 oC/min from 
    150 oC to 186 oC 
2) 1 oC/min from 
    186 oC to 200 oC 
3) 20 oC/min from 
    200 oC to 325 oC  
Run time 60 min 20 min 41.25 min 
Injector temperature 225 oC 225 oC 225 oC 
Detector temperature 280 oC 280 oC 280 oC 
Injection volume 1 l 1 l 1 l 
Split ratio 1:30 1:30 1:20 
Flow rate 1 ml/min 1 ml/min 0.8 ml/min 
Carrier gas He He He 
GC analysis of VFA 
Volatile fatty acids (VFA) were analysed with GC (IV). Prior to quantification of VFA the 
samples were acidified to pH < 2 with 17% phosphoric acid (H3PO4) and then analysed 
using GC (Hewlett Packard 5890 series II; Hewlett Packard, Palo Alto, CA, USA) with a 
flame ionization detector (FID) and a capillary column (Hewlett Packard FFAP 30 m, 
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inner diameter 0.53 mm, film 1 m). The temperatures of the injector and detector were 
175 oC and 200 oC, respectively. The temperature gradient was as follows: the initial 
temperature was 110 oC, ramped at 5 oC/min to 140 oC, maintained at 140 oC for 6 min, 
ramped at 45 oC/min to 200 oC and maintained at 200 oC for 3 min. The injection volume 
of  the  sample  was  10  l. The quantified VFA were analysed as acids: acetic, propionic, 
isobutyric, butyric, isovaleric and valeric acids. The standards used in the VFA analyses 
were the same acids as mentioned above with concentrations of 1-40 m. Later these 
compounds are referred to as VFA although they appeared as acid anions (acetate, 
propionate, isobutyrate, butyrate, isovalerate and valerate) at physiological pH. 
4.2.7 Structural elucidation of AXOS (I-III) 
Chromatographic methods provide preliminary information on the AXOS sizes and 
monosaccharide composition, and thus are part of structural elucidation. Enzyme-aided 
methods were also used in structural elucidation of AXOS. Using partial enzymatic 
hydrolysis, more information on the structures of the purified AXOS was obtained. The -
Araf side groups were removed, using -arabinofuranosidases, which revealed the length 
of the xylose main chain in the following TLC or HPAEC-PAD analysis (III). The AXOS 
were totally hydrolysed into monosaccharides, using a combination of -xylosidase and -
arabinofuranosidase, and the Ara/Xyl ratio was determined by GC or HPAEC-PAD 
analysis (I, II). MS and NMR spectroscopy were used for complete structural analysis of 
the  AXOS.  The  analytical  steps  taken  to  fully  characterize  the  structures  of  AXOS  are  
presented in Figure 5.  
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Figure 5. Procedure for elucidation of AXOS structures. 
4.2.7.1 Mass spectrometry 
MS was used in structural analysis of the purified AXOS (I-III). Matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analyses (I, II) 
were performed, using an Ultraflex instrument (Bruker Daltonics, Wormer, The 
Netherlands) equipped with a nitrogen laser at 337 nm. The mass spectrometer was 
selected for positive ions, which were accelerated to a kinetic energy of 12 000 V after a 
delayed extraction time of 200 ns. Hereafter, the ions were detected using the reflector 
mode. The lowest laser power required to obtain good spectra was used, and at least 100 
spectra were collected. The mass spectrometer was calibrated with a mixture of 
maltodextrin standards (mass range 365-2309). 
 
The matrix solution was prepared by dissolving 10 mg 2,5-dihydroxybenzoic acid in 1 ml 
30% (v/v) acetonitrile-water solution. The samples (1 l)  and  the  matrix  (1  l) were 
pipetted onto a MALDI-TOF plate (Bruker Daltonics) and the mixtures were allowed to 
dry under a constant stream of warm air. 
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Electrospray ionization mass spectrometry (ESI-MS) analysis (III) was performed, using a 
liquid chromatography/mass selective detector (LC/MSD-Trap-XCT Plus; Agilent 
Technologies, Santa Clara, CA, USA) instrument in the positive ion mode. The purified 
sample in 0.1% formic acid (HCOOH) and isopropyl alcohol (IPA), at a ratio of 1:1 (v/v), 
was directly injected into the mass spectrophotometer, using the LC autosampler and the 
instrument  was  operated  without  a  column.  The  nebulizer  gas  was  N2 and the capillary 
voltage 3500 V at 350 oC. The spectra were recorded with a scanning range from 50 to 
1000 m/z. 
4.2.7.2 NMR spectroscopy 
Prior to the NMR experiments, the samples were exchanged three or four times with 
deuterium oxide (D2O) (99.8% D, Merck), filtered with 0.45-m and/or 0.10-m 
Acrodisc® syringe filters with a GHP membrane (Pall  Corporation) and finally dissolved 
in 40 l (I) or 0.5 ml (II, III) of D2O. The NMR spectra were acquired on a Varian Unity 
500 spectrometer (Varian NMR Systems, Palo Alto, CA, USA) operating at 500 MHz for 
1H. The measurements were performed using a gHX nano-NMR probe (I), or a 5-mm 
triple-resonance pulse-field gradient (PFG) probe or 5-mm cryoprobe (I, II). The 
measurements for the polysaccharide samples were performed at 50 ºC (III) and for the 
oligosaccharides at 23 ºC or 25 oC (I-III). The chemical shifts were reported relative to an 
internal acetone standard at 2.225 ppm for 1H (II, III) and 31.55 ppm for 13C (I-III). The 
1H chemical shifts were referenced to an HDO signal at 4.78 ppm (I).  
 
The one-dimensional (1D) 1H spectra were accumulated with spectral widths of 6000 or 
8000 Hz and with acquisition times of 2-4 s. In recording the spectra, a modification of the 
water-eliminated Fourier transform (WEFT) sequence was used. The two-dimensional 
(2D) 1H-1H and 13C-1H correlation experiments were DQF-COSY (double-quantum 
filtered correlation spectroscopy), HSQC (heteronuclear single-quantum correlation), 
HMQC (heteronuclear multiple-quantum correlation) and HMBC (heteronuclear 
multibond connectivity). 
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4.2.8 Microbiological and molecular biological methods (IV) 
4.2.8.1 Fermentation experiments 
The prebiotic properties of the AXOS prepared in earlier studies (I, II) were tested (IV). 
Fermentation experiments were performed, using three different pure bifidobacterial 
strains or mixed faecal microbiota in in vitro incubations with various carbohydrates as 
substrates. The carbohydrates tested were: L-arabinose, D-xylose, XOS, FOS (reference 
substrate), the RAX and WAX hydrolysates prepared by Shearzyme, and purified A2XX 
and  A2+3XX.  RAX  and  WAX  were  also  used  as  such  as  substrates  for  faecal  
fermentations. The conditions of the fermentation experiments and the measured growth 
indicators are summarized in Table 9. 
 
Table 9. In vitro fermentation experiments of potential prebiotic AXOS by pure 
bifidobacteria and mixed faecal microbiota. 
Experiment Pure culture fermentations Faecal microbiota fermentations 
Bacterial strains Bifidobacterium adolescentis 
B. breve 
B. longum 
Mixed strains from intestinal 
microbiota 
Growth medium BA medium 
+ 1 g/l yeast extract 
+ vitamin solution 
BA medium 
+ 1 g/l yeast extract 
+ vitamin solution 
Starting pH 7 7 
Experiment volume 3 ml 2 ml 
Reductant - Na2S 
Incubation 140 h (~ 6 d) 48 h 
 37 oC in the dark, no shaking 37 oC in the dark, no shaking 
Measured growth 
indicators 
pH 
VFA 
Carbohydrate consumption 
OD 
Contamination (microscopy) 
pH 
VFA 
Carbohydrate consumption 
H2 
Pressure 
4.2.8.2 DNA extraction, purification, PCR and t-RFLP 
At the beginning of the incubation period and after 48 h, 1-ml samples were taken from 
the faecal samples (experiment volume 2 ml) for DNA extraction. At the same time points, 
4-ml samples were taken from the reference fermentations (experiment volume 10 ml; 
control samples without added carbon source). The samples were centrifuged for 2 min at 
10 000 G at 4 oC, after which the supernatant was disposed and the pellet suspended in 1 
ml  0.01-M  PBS  buffer,  and  this  treatment  was  repeated  three  times.  After  the  third  
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centrifugation, the pellet was suspended in 1.5 ml ASL buffer (stool lysis buffer; Qiagen 
GmbH, Hilden, Germany) and bead-beaten (0.1-mm zirconia/silica beads) for 3 min, 
followed by centrifugation at 16 000 G at 4 oC for 3 min. The subsequent DNA 
purification was carried out, following the Qiagen kit instructions for "DNA purification 
from stool samples" (Qiagen, Valencia, CA, USA). 
 
The bifidobacterial 16S ribosomal RNA (rRNA) genes were amplified by a polymerase 
chain reaction (PCR) using a bifidobacteria-specific primer set. The total volume of  the 
PCR mixture was 50 l and contained milli-Q-water, reaction buffer, Mg2+ (25 mM), 
deoxyribonucleotide triphosphate (dNTP) (2 mM), forward primer (25 pmol/l; TET-
Bifido 144f NF, MWG-Biotech AG, Ebersberg, Germany, 5´-
CCGGAATAGCTCCTGGAAAC-3´, based on the Pbi F1 primer described by Roy and 
Sirois (2000), reverse primer (25 pmol/l;  rP2,  MWG-Biotech-AG,  5´-
ACGGCTACCTTGTTACGACTT-3´ (Weisburg et al., 1991), bovine serum albumin 
(BSA; 2%), polymerase and template. The PCR (iCycler Thermal Cycler; Bio-Rad) was 
started with an initial denaturation step at 94 oC for 5 min, followed by 30 cycles 
comprising denaturation at 94 oC for 30 s, annealing at 59 oC for 30 s, elongation at 72 oC 
for 90 s and final extention at 72 oC for 5 min. Agarose gel (1%) was loaded with the PCR 
products and gel electrophoresis was run for 30 min at 80 V (Bio-Rad/PowerPac 300 
power supply) and the bands on the gel were visualized, using the Bio-Rad Gel Doc™ 
2000 documentation system (darkroom cabinet, UV transilluminator, camera and 
software). The band containing the PCR product of interest was purified, using gel 
extraction according to the Gel-Out procedure (A&A Biotechnology, Gdynia, Poland). 
 
After the PCR, the 16S rRNA gene products were terminally fluorescent-labelled. This 
PCR product (10 l)  was  digested  with  1  l  of  the  enzyme  MboI  (10  U/l; Fermentas 
International Inc., Burlington, Ontario, Canada) for 6 h at 37 oC, after which the enzyme 
was inactivated at 65 oC for 20 min. The labelled fragments were analysed by 
electrophoresis in an ABI PRISM 373 DNA sequencer in Gene-Scan mode and the 
fragment sizes were determined, using DNA fragment standards (GS-500 ROX and GS-
1000 ROX; PE Biosystems, Foster City, CA, USA). Terminal restriction fragment length 
polymorphism (t-RFLP) analyses were used together with a specific Bifidobacterium 
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primer set to demonstrate the population changes in the faecal samples due to addition of 
the xylan-derived carbohydrates. 
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5. RESULTS 
5.1 Carbohydrate composition of starting materials (I-IV) 
The composition of the neutral monosaccharides of the AX used was determined (I-IV). 
The highest Ara/Xyl ratio was found in WBAX (0.60) and the lowest in OSAX (0.09) 
(Table 10). In all the studied AX extracted from brans (WBAX, RBAX and OBAX) and in 
most AX from flours (RAX, WAX-hv and WAX-mv), the Ara/Xyl ratios were relatively 
high, indicating highly substituted AX structures. In contrast, in OSAX, RiHAX and 
WStAX a low degree of arabinose substitution was detected (Ara/Xyl ratio 0.09-0.19). 
 
Table 10. Composition of neutral monosaccharides of AX extracted from different cereal 
materials. 
AX source 
Ara 
(wt%) 
Xyl 
(wt%) 
Glc 
(wt%) 
Ara/Xyl Method Study 
RAX 27 63 10 0.42 Acid methanolysis I 
 30 65 5 0.46 H2SO4 hydrolysis I, IV 
WAX-hv 30 66 5 0.45 Acid methanolysis * 
WAX-mv 32 68 - 0.47 Acid methanolysis II 
 36 64 - 0.56 Enzymatic hydrolysis§ IV 
WAX-lv 21 76 3 0.28 Acid methanolysis * 
WBAX 35 57 8 0.60 Acid methanolysis III 
RBAX 26 62 12 0.43 Acid methanolysis III 
OBAX 26 47 27 0.53 Acid methanolysis III 
RiHAX 16 74 10 0.19 Acid methanolysis III 
BHAX 21 73 6 0.28 Acid methanolysis† III 
OSAX 7 82 11 0.09 Acid methanolysis III 
 10 87 3 0.11 H2SO4 hydrolysis * 
CCAX 24 73 3 0.33 H2SO4 hydrolysis‡ III 
WStAX 10 85 5 0.12 Acid methanolysis III 
* This thesis (not published), § analysed by Virkki et al. (2008), † analysed by Pitkänen et al. 
(2008), ‡ analysed by Ramírez and Saake (unpublished results). 
5.2. Structures of enzymatically prepared AXOS (I-III) 
Six different AXOS were prepared and isolated (I-III). Similar methods were used with 
some minor modifications in manufacturing various AXOS. The results of structural 
elucidation of AXOS are shown in Table 11. The A3X, A2+3X, A2+3XX, A2XX and D2,3X 
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appeared quite pure, but A2X was not purified completely and it occurred together with 
A2XX.  The  mixture  of  A2X  and  A2XX was  further  treated  with  T. reesei GH5 xylanase 
which liberates one xylose residue from the reducing end of A2XX,  forming  A2X.  A2X 
was not further separated and thus analysis to determine the Ara/Xyl ratio of A2X was not 
done. 
 
Table 11. Structural elucidation of purified AXOS prepared from cereal xylans. 
Study AXOS tR (min) 
Mw 
(Na adduct) Ara/Xyl AX material Enzymes 
I A3X 31.0 437 0.49 RAX Shearzyme 
 
II 
 
A2+3X 
A2+3XX 
 
 
A2X 
A2XX 
 
 
33.4 
34.4 
 
 
28.4 
30.1 
 
569 
701 
 
 
437† 
569 
 
0.93 
0.73 
 
 
 n.a. 
0.36 
 
WAX-mv 
 
 
 
WAX-mv 
 
 
AXH-m + 
Shearzyme 
 
 
AXH-m + 
Shearzyme + 
AXH-d3 
 
III D2,3X 30.2 569 0.24 OSAX Shearzyme 
 = tR from HPAEC-PAD analysis vary slightly between studies I-III but those reported here are 
adopted from Figure 9.  
† = analysed from a mixture of two AXOS 
n.a. = not analysed 
 
The AXOS were analysed by HPAEC-PAD, from which they elute with different 
retention times (tR). The molecular weights (Mw) were obtained by MS analysis and they 
are presented as Na-adducts (437 = sodium adduct of pentotriose, 569 = sodium adduct of 
pentotetraose, 701 = sodium adduct of pentopentaose). The Ara/Xyl ratio was determined, 
using either total enzymatic hydrolysis or acid methanolysis to degrade AXOS into 
monosaccharides that were quantified, using GC methods. The AXOS studied were 
composed  of  one  or  two  arabinose  units  and  two  or  three  xylose  residues.  Finally,  the  
detailed structures of AXOS were studied, using NMR spectroscopy. Detailed NMR 
results (chemical shifts and spectra) can be found in studies I-III. The structures of AXOS 
are shown in Figure 6. In addition to the six AXOS that were fully analysed, the structures 
of XA3XX and XA3X were elucidated, using MS and enzyme-aided methods, but their 
structures were not confirmed with NMR analysis. 
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Figure 6. Chemical structures of the isolated AXOS. 
 
 
Purification of the AXOS was performed on a preparative scale where 1.5 g (I, II) or 5 g 
(III) of starting material were hydrolysed and fractionated. The purest and most 
concentrated fractions, which were used for the structural analysis, were quantified. The 
concentrations of the best AXOS samples were: A3X 132 g/ml (0.32 mol/ml), A2+3X 
215 g/ml (0.39 mol/ml), A2+3XX 461 g/ml (0.68 mol/ml), A2XX 433 g/ml (0.79 
mol/ml) and D2,3X 443 g/ml (0.81 mol/ml). The content of A2X was not determined. 
The dilutions for standard curve samples were made from these fractions. The standards 
were used for identification and quantification of other samples containing the 
corresponding AXOS.  
 
A total of 1.5 g of the RAX sample with 87 wt% purity (contained 1.3 g of pure AX), was 
hydrolysed (I). The quantified products accounted for 28% of the AX, and the yield of 
A3X was 12% of the quantified products (3% of AX). Similarly, 1.5 g of the WAX sample 
with 84 wt% purity (contained 1.26 g of pure AX) was hydrolysed, and the hydrolysis 
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products A2+3X and A2+3XX comprised in all 17% of the AX (II). In an other hydrolysis 
from the same starting material, 11.7% A2XX of AX was obtained (II). The AXOS yields 
were calculated from the isolated fractions (I, II). The hydrolysis products (III) 
corresponded to 23% of the OSAX and were quantified from the hydrolysate instead of 
the isolated fractions, as in I and II. The yield of AXOS was 12% from the quantified 
products and 4% were D2,3X. 
 
Structural elucidation of monosubstituted AXOS from wheat flour AX is presented in 
Figure 7 as an example. WAX-mv was hydrolysed stepwise with enzymes into mono-, di- 
and oligosaccharides (Figure 7a). After the hydrolysis and chromatographic (GPC) 
separation of AXOS, TLC was used for the first screening of AXOS (Figure 7b). The most 
promising samples (fractions 141-150) were chosen for HPAEC-PAD analysis, in which 
the most representative sample (fraction 143) for the structural elucidations was selected 
(Figure 7c). 
 
The Mw of the monosubstituted AXOS as Na adduct was 569 (Figure 7d), which indicates 
the structure consisted of four pentose units. The AXOS was then degraded totally into 
monosaccharides and the HPAEC-PAD chromatogram in Figure 7e shows that no 
oligosaccharides were left undegraded. The Ara/Xyl ratio was determined with GC to be 
0.36, which indicates that the AXOS is composed of one arabinose residue and three 
xylose units. The amount of AXOS was then calculated, based on the monosaccharide 
concentration. Using the enzyme AXH-m, which removes the -L-Araf units from 
monosubstituted -D-Xylp units, we confirmed that the length of the xylose chain consists 
of three residues (Figure 7f). With NMR spectroscopy (Figure 7g) the AXOS structure 
was specified to have a single (12)-linked -L-Araf residue (A2) at the nonreducing -
D-Xylp unit (X3) of xylotriose (Figure 7h). Thus, the complete structure was -L-Araf-
(12)--D-Xylp-(14)--D-Xylp-(14)-D-Xyl (A2XX). 
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Figure 7. Purification of AXOS from WAX-hv hydrolysate and structural elucidation of 
the main AXOS. HPAEC-PAD chromatogram of the hydrolysate (a), TLC analysis of  the 
fractions obtained by chromatographic (GPC) separation of the hydrolysate (b) and 
HPAEC-PAD chromatogram of the purified AXOS (c). Mass spectrum of the separated 
AXOS (d), HPAEC-PAD chromatogram of the purified AXOS hydrolysed totally into 
monosaccharides (e) and further structural elucidation of AXOS obtained after enzymatic 
arabinose removal (f). The anomeric region of 1D 1H NMR spectra of the oligosaccharide 
(g) and the complete structure of AXOS (h). 
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5.3 Structural features of different cereal AX (I-III) 
The structures of eight cereal arabinoxylans were studied, using NMR spectroscopic 
analysis for the polymers (III) and by investigating the Shearzyme hydrolysis products of 
AX (I-III). The NMR data of two additional AX were adopted from the study of Pitkänen 
et al. (2009), because their hydrolysis products were also examined. Using NMR 
spectroscopy, different sugar residues were found as substituents attached to the xylan 
main  chain.  In  all  cereal  AX  examined,  -L-Araf (13)-monosubstituted and -L-Araf 
(12 and 13)-disubstituted xylose residues were found (Table 12). The NMR analysis 
suggested that the most predominant side unit in all the samples was -L-
Araf(13)mono. -L-Araf(12 and 13)-disubstituted -D-Xylp residues were 
common in WBAX and RBAX, but in WBAX more disubstituted units were found (III: 
Fig. 1a). A significant peak representing the -D-Xylp(12)--L-Araf(13) side chain 
was found in NMR spectra from BHAX, OSAX and CCAX, and in lesser amounts in 
RiHAX and WStAX (III: Fig. 1). The acidic side group 4-O-Me--D-GlcA(12) was 
present in OSAX, CCAX, WStAX and less in RiHAX. The NMR results represent the 
entire polymeric AX chain and give an extensive overview on its structure. Quantitative 
NMR analysis was not performed, but the intensities of the peaks from the NMR spectra 
can be roughly compared.  
 
Table 12. Existence of side units in cereal arabinoxylans according to NMR spectroscopy. 
+++ = main peak(s), ++ = abundant, + = present, - = not present in NMR spectra. Mono or 
di with -L-Araf unit refers to an appearance of -L-Araf residues in mono-/disubstituted 
-D-Xylp units. 
AX 
Sugar residue 
-L-Araf 
(13)mono 
-L-Araf 
(13)di 
-L-Araf 
(12)di 
-D-Xylp(12)--L-
Araf(13) 
4-O-Me--D-
GlcA(12) 
RAX* +++ ++ ++ - - 
WAX-mv* +++ +++ +++ - - 
WBAX +++ +++ +++ - - 
RBAX +++ ++ ++ - - 
OBAX +++ + + - - 
RiHAX +++ + + + ++ 
BHAX +++ + + ++ - 
OSAX +++ + + + ++ 
CCAX +++ + + ++ ++ 
WStAX +++ + + + ++ 
*Adopted from Pitkänen et al. (2009) 
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In addition to the side units presented in Table 12, -L-Araf(12)mono residue may be 
found from BHAX, WBAX, and RBAX. The broad double signals originating presumably 
from the side units -L-Araf(12)mono and -L-Araf(13)di were found from these 
samples in NMR spectrometry (III, Fig. 1). However, based on NMR spectroscopy, the 
presence of -L-Araf(12)mono side units in the AX examined is still uncertain. 
 
The  same  AX  samples  were  also  hydrolysed  with  Shearzyme  (I-III) and the hydrolysis 
products were identified and quantified. HPAEC-PAD chromatograms are presented in I: 
Fig. 2, II: Fig. 2 and III: Fig. 4. In all cereal AX hydrolysates examined, monosubstituted 
A3X  was  formed  abundantly  (Table  13).  Most  of  all  A3X is present in flour- and bran-
originated  AX hydrolysates  (RAX,  WAX-mx,  WBAX,  RBAX and OBAX),  and  also  as  
the main AXOS in RiHAX, OSAX and WStAX hydrolysates. D2,3X is the most common 
oligosaccharide in BHAX and CCAX and is also found in lesser amounts in OSAX, 
RiHAX and WStAX. Furthermore, doubly substituted AXOS A2+3X  and  A2+3XX were 
detected  in  all  samples,  except  for  RiHAX.  In  BHAX  and  CCAX,  a  small  peak  
representing A2+3XX was found in the chromatograms, but the amounts were too small for 
quantification. AXOS with -L-Araf(12) monosubstituted -D-Xylp units  (A2X or 
A2XX) were not identified from the hydrolysates. The total quantified amount of the 
hydrolysis products of the total weighed amount of AX was 10-40%. The highest amount 
was quantified in WStAX and the lowest in WBAX. 
 
Table 13. Distribution of monosaccharides, linear XOS and AXOS in hydrolysates 
obtained by incubating cereal AX with Shearzyme. Distribution (wt%) of carbohydrates 
was calculated from the quantified hydrolysis products in HPAEC-PAD analysis. 
AX 
Hydrolysis products 
Distribution of the quantified carbohydrates (wt%) 
A X X2 X3 X4 D2,3X A3X A2+3X A2+3XX 
RAX 2 15 56 - - - 20 4 3 
WAX-mv 2 12 47 - - - 14 9 16 
WBAX 2 17 51 - - - 16 7 7 
RBAX 3 18 49 - - - 22 5 3 
OBAX 4 19 45 - - - 21 5 6 
RiHAX 1 18 61 - - 5 15 - - 
BHAX - 12 66 1 - 14 4 3 n.q. 
OSAX - 10 68 9 1 4 6 1 1 
CCAX 1 13 61 1 - 15 7 2 n.q. 
WStAX - 12 72 3 2 1 7 1 2 
n.q. = not quantified 
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Similar features of AX structures were found when the NMR results (Table 12) and 
information obtained from the hydrolysates (Table 13) were compared. No doubly 
substituted AXOS were found in the RiHAX hydrolysate, although in NMR analysis they 
were present. Otherwise the same structural elements occurred in the corresponding cereal 
AX in both analyses. 
5.4 Action of Shearzyme (I-III) 
Shearzyme, with A. aculeatus GH10 endo-1,4--D-xylanase as the main enzyme, 
produced short-chain AXOS with -L-Araf(13)mono, -L-Araf(12)mono, -L-
Araf(12 and 13)di or -D-Xylp(12)--L-Araf(13) substituents in the 
nonreducing end of the xylose chain. The formation of A2X  and  A2XX was best shown 
with WAX-lv hydrolysate (I; Fig. 1) but these AXOS were not identified until study II. 
The majority of AXOS produced in the Shearzyme hydrolysis carry the nonreducing end 
substituent and only small amounts of AXOS are substituted internally (I; Fig. 7). Despite 
the side activities (-xylosidase, -arabinofuranosidase, -glucanase, and -glucosidase) 
in Shearzyme, the hydrolysates by pure A. aculeatus endo-1,4--D-xylanase and 
Shearzyme are similar (I; Fig. 7) and thus, for the production of AXOS, only the action of 
endo-1,4--D-xylanase in Shearzyme is significant. For Shearzyme to act, at least one 
unsubstituted -D-Xylp unit between substituted -D-Xylp units is needed, since the 
shortest AXOS formed in the hydrolysis are A3X, A2X, and D2,3X. In addition to AXOS, 
xylose and xylobiose were the major hydrolysis products in extensive hydrolysis. 
5.5 Behaviour of AXOS in chromatography (I-III) 
5.5.1 Separation of AXOS on TLC 
TLC was used in the first screening of the fractions obtained from the separation of the 
hydrolysed AX samples (I-III)  with  AEC  and/or  GPC.  In  GPC  the  elution  order  of  the  
carbohydrates is mainly based on their sizes (Figure 7b), but in TLC the elution rate is also 
affected by the varying adsorbtion of the carbohydrates to the silica plate. Ascending of 
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eight  AXOS  was  examined  on  TLC  plate  and  the  Rf for each AXOS was determined 
(Table 14).  In TLC analysis the Rf values of the AXOS increased in the order: XA3XX, 
A2XX and A2+3XX,  D2,3X  and  XA3X,  A2X  and  A2+3X,  A3X  (Figure  8).  Thus,  of  the  
AXOS studied, A3X ascended the farthest (Rf 0.57) on the TLC plate and XA3XX the least 
(Rf 0.41).  However,  some  of  the  Rf values  of  the  AXOS  were  so  similar  that  the  
distinction between AXOS based only on Rf values was difficult. 
  
Table 14. Rf values obtained from TLC 
analysis.    
Carbohydrate Rf value 
X 0.60 
X2 0.52 
X3 0.45 
X4 0.37 
XA3XX 0.41 
A2XX 0.45 
A2+3XX 0.46 
D2,3X 0.48 
XA3X 0.48 
A2X 0.51 
A2+3X 0.52 
A3X 0.57 
 
X
X2
X3
X4
X
X2
X3
X4
XA3XX         A2+3XX       XA3X        A2+3X
A2XX          D2,3X        A2X           A3X 
   
Figure 8. TLC analysis of AXOS. 
5.5.2 Elution order of AXOS and their responses in HPAEC-PAD 
Purified AXOS (0.011 mol of each) were mixed in a solution and the elution order of the 
AXOS (I-III) and their responses in the HPAEC-PAD system used were studied. The 
elution order in HPAEC-PAD was (Figure 9a): A2X,  A2XX, D2,3X,  A3X,  A2+3X and 
A2+3XX. Although A2XX and D2,3X could not be separated entirely from each other in the 
mixture, a peak with split ends was seen at 30 min and the elution order was determined 
from separate injections of these AXOS. Linear XOS (X-X4; 0.011 mol of each) were 
also mixed with six AXOS (Figure 9b). Furthermore, two more AXOS (XA3X and 
XA3XX) were mixed with the solution of six AXOS and the elution order of these eight 
AXOS  was  examined  (Figure  9c).  Elution  order  of  the  eight  AXOS  was:  A2X,  A2XX, 
D2,3X, A3X and XA3X, XA3XX, A2+3X, A2+3XX. The tR of A3X and XA3X were exactly 
the same, and their elution order in this HPAEC-PAD system could not be determined. 
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Figure 9. HPAEC-PAD chromatograms of various AXOS. The content of the AXOS and 
X-X4 is 0.011 mol in the solutions, except for unquantified A2X, XA3X and XA3XX. A = 
arabinose, X = xylose, X2 = xylobiose, X3 = xylotriose, X4 = xylotetraose, \ = 13 bond, | 
= 12 bond. 
 
The responses for the various AXOS were different in HPAEC-PAD analysis. Therefore 
straightforward conclusions cannot be made regarding the peak heights (mV) in the 
chromatograms and the quantities. Since A3X appears to be the main AXOS peak in 
several hydrolysates, the response of A3X  was  set  as  1  and  the  other  AXOS  responses  
from Figure  9  were  compared  with  that  in  Table  15.  In  the  mixture  of  six  AXOS,  some 
residues of X3 and X4 originating from the D2,3X sample were found (Figure 9a), which 
increased the heights of the corresponding peaks in the mixture with added X3 and  X4 
(Figure 9b and c). The residual X3 and X4 were quantified and their amounts were reduced 
theoretically. In addition to comparing the responses from the mixture in Figure 9, the 
relative response comparison of A2XX and D2,3X with A3X was also performed from pure 
samples to show the effect of overlapping peaks. In Figure 9 both ends of the split peak 
are fairly equal, but the separate analysis demonstrated a slightly poorer relative response 
for D2,3X than for A2XX. In the HPAEC-PAD gradient system used, the relative responses 
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for X-X4 appeared to be poorer than for AXOS, while variation in responses was also 
observed amongst different AXOS. 
 
Table 15. Responses  of  xylose,  linear  XOS  and  AXOS  compared  with  the  response  of  
A3X. The content of the carbohydrates is similar in moles (0.011 mol). Response = 
height (mV) of the peak in HPAEC-PAD analysis (Figure 9a and b). 
Carbohydrate 
Relative response 
(carbohydrate/A3X) 
X 0.2 
X2 0.2 
X3 0.1 
X4 0.1 
A2XX 0.5 (0.4*) 
D2,3X 0.5 (0.3*) 
A3X 1 
A2+3X 0.7 
A2+3XX 0.5 
* Calculated from separate chromatograms in addition to the mixture where these AXOS overlap 
5.6 Fermentation experiments (IV) 
5.6.1 Carbohydrate composition of XOS and AX hydrolysates 
The carbohydrate compositions of a commercial XOS mixture and RAX and WAX 
hydrolysates, used as substrates in the fermentation experiments (IV), were analysed. The 
commercial XOS mixture contained mainly xylobiose (26 wt%) and smaller amounts of 
xylotriose and xylotetraose (Table 16, IV: Fig. 1a). Thus, in this mixture only 37% of the 
amount  weighed  was  detected  as  linear  XOS.  In  addition  to  the  XOS  identified,  the  
commercial XOS product contained some longer unidentified oligosaccharides with tR 
between 30 and 35 min. The RAX and WAX hydrolysates were made from commercial 
AX extracted from rye and wheat flour (RAX and WAX-hv, respectively). The identified 
and quantified carbohydrates in the RAX hydrolysate were 14 wt% and in the WAX 
hydrolysate 20 wt% (Table 16, IV:  Figure  1b  and  1c).  The  two  hydrolysates  contained  
similar amounts of xylose, xylobiose and A3X, but the WAX hydrolysate had more of the 
disubstituted oligosaccharides A2+3X and A2+3XX. 
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Table 16. Carbohydrate composition of the mixture of commercial xylo-oligosaccharides 
(XOS), rye AX hydrolysate and wheat AX hydrolysate. 
Carbohydrate X X2 X3 X4 A
3X A2+3X A2+3XX Total 
wt% of AX 
XOS - 26 8 3 - - - 37 
RAX hydrolysate (aq.) 2 8 - - 4 n.q. n.q. 14 
WAX hydrolysate (aq.) 2 9 - - 4 2 3 20 
aq. = aqueous solution (not buffered), n.q. = not quantified 
5.6.2. Growth of pure bifidobacterial cultures 
The substrate preferences of three different bifidobacterial species (Bifidobacterium 
adolescentis, B. breve and B. longum) were studied by incubating the bacteria with D-
xylose, L-arabinose, XOS, RAX and WAX hydrolysates and FOS (control substrate). The 
fermentation of pure singly and doubly substituted AXOS was studied by cultivating a 
mixture of the three preceding bifidobacteria with A2XX and A2+3XX. The utilization of 
different substrates is presented in Table 17. 
 
 
Table 17. Growth of three bifidobacterial species and their mixture.  
 Growth of 
Substrate B. adolescentis B. breve B. longum 
 ATCC 15703 ATCC 15700 ATCC 15707 
 60 h 140 h 60 h 140 h 60 h 140 h 
D-xylose + +++ - - - - 
L-arabinose - - - - +++ +++ 
XOS +++ +++ - - - - 
RAX hydrolysate + + - + + + 
WAX hydrolysate + ++ - - + + 
FOS +++ +++ ++ ++ +++ +++ 
Substrate Growth of the mixture of B. adolescentis, B. breve and B. longum 
 60 h 140 h 
A2XX +++ +++ 
A2+3XX - - 
FOS +++ +++ 
Scale: OD < 0.1 (- = no growth), 0.1-0.39 (+ = mild growth), 0.4-0.69 (++ = moderate growth), 
0.7-1 (+++ = strong growth). Acetate content, pH and consumption of carbohydrates in the 
samples were also measured and considered in defining growth intensities. XOS = xylo-
oligosaccharides, RAX hydrolysate = rye arabinoxylan hydrolysate, WAX hydrolysate = wheat 
arabinoxylan hydrolysate, FOS = fructo-oligosaccharides (control substrate). 
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Bifidobacterium adolescentis was  able  to  grow  on  D-xylose,  XOS  and  RAX  and  WAX  
hydrolysates, whereas B. longum utilized L-arabinose and hydrolysates. Bifidobacterium 
breve showed only mild growth on RAX hydrolysate after 140 h. With longer 
fermentation time, some changes were also observed in the growth of B. adolescentis on 
D-xylose and WAX hydrolysate, since the growth increased from mild at 60 h to strong or 
moderate at 140 h. The growth of B. adolescentis and B. longum was strong on control 
substrate FOS, while B. breve was able to grow moderately on FOS. A bifidobacteria 
mixture utilized pure singly substituted AXOS almost completely, but pure AXOS with a 
doubly substituted xylose residue was not fermented. 
 
Even more detailed information on the substrate preferences of these three bifidobacteria 
was obtained by analysing the substrates before and after the incubation, using HPAEC-
PAD chromatography. Quantification of substrates gave better insight into the fate of 
mono- and oligosaccharides in the fermentations (Figure 10). Bifidobacterium 
adolescentis fermented all AXOS (Figure 10b) but consumed mainly XOS, leaving L-
arabinose and some D-xylose unutilized. Bifidobacterium longum also fermented AXOS, 
but utilized them with a strategy different from that of B. adolescentis, since it consumed 
the L-arabinose released but not XOS (Figure 10c). Bifidobacterium breve utilized the 
RAX hydrolysate poorly and no growth was observed with the WAX hydrolysate as a 
substrate (Figure 10d). 
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Figure 10. Carbohydrate analysis by HPAEC-PAD of WAX hydrolysate a) before 
fermentation and b) after 140-h fermentation by Bifidobacterium adolescentis ATCC 
15703, c) B. longum ATCC 15700 and d) B. breve ATCC 15707. 
5.6.3 Fermentations with faecal microbiota 
In the fermentations with faecal microbiota, the measured factors providing information 
on growth of the bifidobacteria were pH, pressure,  and formation of VFA and H2. After 
the incubation period, changes in pH were observed, indicating that the mixture of faecal 
microbiota fermented the carbohydrates provided. In the samples with FOS, L-arabinose, 
D-xylose, XOS, and RAX and WAX hydrolysates, the end pH was 5. With polymeric 
RAX and WAX as  carbon sources,  the  pH was  somewhat  higher  (5.5)  at  the  end  of  the  
fermentation period. With the purified oligosaccharides A2XX and A2+3XX, the pH was 6 
and 4, respectively. Pressure increased in all the samples (0.8-2.2 psi), and the least 
change was detected in the samples grown on A2+3XX and  the  greatest  with  RAX  
hydrolysate as a carbon source (Table 18). Hydrogen formation (0.2-3.8 v/v %) was 
detected in the samples with all the other carbon sources except A2+3XX, in which no 
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hydrogen was found. Most of the hydrogen was formed in the samples grown on xylose 
and FOS. With faecal samples the change in acetate concentration after the incubation 
period, compared with the control sample after 48 h, was typically about 15 mM, but in 
the samples with A2XX and  A2+3XX, the change in acetate concentration was 22 and 31 
mM,  respectively.  In  most  of  the  samples,  some  changes  in  propionate  and  butyrate  
concentrations were also detected (0.3-6.9 and -1.3-5.8 mM, respectively). 
 
Table 18. Formation  of  H2, pressure and VFA (acetate, propionate and butyrate) during 
the incubation period (48 h) in faecal microbiota cultivations. 
Carbohydrate End pH H2 Pressure Acetate Propionate Butyrate (v/v %) ( psi) ( mM) ( mM) ( mM) 
D-xylose 5 3.8 1.8 15.3 6.9 0.4 
L-arabinose 5 2.0 1.9 15.4 2.6 2.3 
XOS 5 2.1 2.0 16.7 4.3 4.0 
RAX hydrolysate 5 1.4 2.2 13.9 2.2 4.9 
WAX hydrolysate 5 2.0 2.0 13.4 1.9 2.9 
RAX 5.5 0.2 1.1 14.4 2.3 3.5 
WAX 5.5 1.0 1.6 16.0 2.9 5.8 
A2XX 6 2.1 1.6 22.1 4.6 5.4 
A2+3XX 4 0 0.8 31.2 0.3 -1.3 
FOS 5 4.0 2.0 13.5 1.8 3.3 
Pressure ( psi) and VFA ( mM): Pressure and VFA formation are compared with control sample 
at 48 h. 
 
The utilization of various carbohydrates was analysed with the HPAEC-PAD method, and 
the changes in bifidobacteria distribution were studied, using t-RFLP analysis. The L-
arabinose, D-xylose, XOS, FOS, WAX and RAX hydrolysates, and polymeric WAX and 
RAX were utilized almost completely and only traces of these compounds (with polymers, 
traces of X-X4) were seen in the HPAEC-PAD chromatograms. Purified monosubstituted 
AXOS (A2XX) was also completely fermented and only traces of xylose were found in the 
chromatograms (Table 19). In the case of doubly substituted purified AXOS (A2+3XX), the 
oligosaccharide was not consumed completely (Table 19, IV: Figure 4) and small amounts 
of arabinose, xylose, xylobiose, xylotriose and AXOS (A2+3XX and A2XX) were detected 
after a 48-h fermentation. The results clearly show that in these samples the A2XX was 
formed during the incubation from A2+3XX by the bacteria in the faecal microbiota.  
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Table 19. Utilization of the purified AXOS by faecal microbiota analysed by HPAEC-
PAD chromatography. 
 Before fermentation 
(g/ml) 
After fermentation 
(g/ml) 
Carbohydrate  A X X2 X3 A2XX A2+3XX 
A2XX 2300 - 7 - - - - 
A2+3XX 2900 53 28 120 136 25 14 
 
 
The bifidobacterial 16S rRNA was extracted from the samples taken before and after 
incubation of the faecal microbiota with two purified AXOS and with no added carbon 
source and analysed, using t-RFLP to evaluate the effect of AXOS on the distribution of 
bifidobacteria. For analysing the t-RFLP data, the relevant bifidobacteria were divided 
into two groups based on their known terminal fragment length sizes in base pairs (bp); 
group 1: B. pseudocatenulatum (299 bp), B. catenulatum (299 bp), and B. longum (299 
bp); group 2: B. breve (470 bp), B. infantis (480 bp), B. adolescentis (469 bp), B. bifidum 
(467 bp) and B. dentium (468 bp). The distribution of these two bifidobacteria groups was 
measured before and after 48 h of incubation.  
 
The group 2 bacteria predominated before the incubation, but in the control samples with 
no added carbon source, only group 1 bifidobacteria were found after 48 h (IV: Figure 5). 
With monosubstituted AXOS (A2XX) as a carbon source, the distribution of bifidobacteria 
groups  was  the  same  as  in  the  control  samples  after  48  h,  whereas  with  disubstituted  
AXOS (A2+3XX), group 2 also predominated after the incubation period. In this 
experiment the monosubstituted AXOS (A2XX), which were almost completely utilized 
by the bacteria in the faecal slurry, induced the growth or survival of group 1 
bifidobacteria, as was also the case in the samples with no added carbon source. With the 
less efficiently fermented disubstituted AXOS, the proportion of group 1 bifidobacteria 
increased about 20% during the incubation, compared with the control samples before 
incubation. The quantities of bifidobacteria were not achieved with the method used. 
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6. DISCUSSION 
6.1 Carbohydrate composition of starting materials 
The carbohydrate compositon of 10 arabinoxylans extracted from different cereal plant 
parts was analysed, using various methods. In the beginning of the study, H2SO4 
hydrolysis was used, because in the preliminary tests higher monosaccharide yield was 
obtained  with  H2SO4 hydrolysis  than  with  acid  methanolysis  in  the  degradation  of  RAX 
(I). Later (II, III),  acid  methanolysis  was  chosen  as  the  routine  method for  most  of  the  
samples since the monosaccharide yields were high and the repeatability of the results was 
better  than  with  H2SO4 hydrolysis. WAX-mv was hydrolysed, using an enzyme mixture 
designed especially for wheat flour AX (Virkki et al., 2008) (IV). Enzymatic hydrolysis is 
a milder choice than acid hydrolysis or acid methanolysis for depolymerization of AX 
since no unwanted destruction of the liberated monosaccharides occurs.  Thus, enzymatic 
hydrolysis is a good choice for selective depolymerization of AX, into monosaccharides, 
but the challenge is to make the mixtures by including all enzymes necessary for complete 
AX degradation. Acid methanolysis is currently more easily adapted for degradation of 
different AX and other possible polysaccharides present in the sample. 
 
The contents of arabinose, xylose and glucose were determined and the Ara/Xyl ratio was 
calculated for all AX. The Ara/Xyl ratio represents the number of -D-Xylp units 
substituted with -L-Araf residues; the higher the Ara/Xyl ratio found, the higher the 
substitution degree of AX is.  However,  the DS does not specify the distribution of -L-
Araf units (quantity of mono- and disubstituted -D-Xylp units) in the xylose main chain. 
The Ara/Xyl ratio affects the behaviour and characteristics of AX, such as water solubility 
and viscosity of AX solutions. Highly substituted AX are challenging for endo-1,4--D-
xylanases to degrade and high DS reduces the yield of AXOS obtained in the hydrolysis. 
 
The monosaccharide composition of commercial WAX-mv indicates a relatively highly 
substituted AX structure, although slight variation was observed between the results 
obtained with acid methanolysis and enzymatic hydrolysis (Ara/Xyl ratios 0.47 and 0.56, 
respectively). The results are in accordance with the Ara/Xyl ratio reported by the 
manufacturer (Megazyme; 0.61). In the previous literature the Ara/Xyl ratios reported for 
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wheat flour AX ranged between 0.52 and 0.80 (MacArthur and D´Appolonia, 1980; 
Gruppen et al., 1991). The Ara/Xyl ratio for RAX (acid methanolysis; 0.42 and H2SO4 
hydrolysis; 0.46) was lower than the manufacturer (Megazyme) states (0.64) or reported 
by Cyran et al. (2003 and 2004) (0.67-0.75).  The Ara/Xyl ratio of OSAX (0.09) 
corresponds well with the Ara/Xyl ratio reported by the manufacturer (Sigma-Aldrich 
Chemie; 0.08) and Gruppen et al. (1991) (0.12).  
 
The highest Ara/Xyl ratio of all AX examined was found in WBAX (0.60), but other 
studies have reported even higher Ara/Xyl ratios for alkali-extracted wheat bran AX (0.73 
and 0.81) (Gruppen et al., 1991; Nandini and Salimath, 2001). From rye bran both highly 
branched AX (Ara/Xyl ratio 0.87) and AX with low DS (Ara/Xyl ratio 0.18) were alkali-
extracted by Hromádková et al. (1987) and the result obtained in the present study (0.43) 
were found in the middle of that range. Higher Ara/Xyl ratios were also reported for the 
alkali-extracted OBAX (1.07) (MacArthur and D´Appolonia, 1980) than were detected in 
this study (0.53). Moderate arabinose substitution was found in CCAX (Ara/Xyl ratio of 
0.33), which was significantly higher than that reported earlier for alkali-extracted corn 
cob AX (0.06-0.11) (Kabel et al., 2002a; Ramirez et al., 2008). The lowest Ara/Xyl ratios 
were detected in OSAX and WStAX (0.09 and 0.12, respectively), which correspond well 
with previous results observed for oat spelt AX and wheat straw AX (0.13 and 0.11, 
respectively) (Puls, 1993; Sun et al., 2002). 
 
The natural variations in Ara/Xyl ratios are wide (Izydorczyk and Biliaderis, 1995), which 
partially explains the differences in Ara/Xyl ratios detected in various studies. 
Furthermore, various processes are used in the separation of cereal grain tissues, resulting 
in slightly different plant parts (remnants from other than the desired layers), which may 
result in differences in the extracted AX structures. The differences can also be due to 
different cereal varieties, as well as diverse extraction and analytical methods. 
6.2 Structural features of different cereal AX 
The structures of eight alkali-extracted AX from different cereal by-products and two 
commercial AX were studied, using NMR analysis for polymeric AX and by hydrolysing 
the AX with enzymes and studying the AXOS produced with HPAEC-PAD 
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chromatography.  NMR  analysis  of  the  polymeric  samples  provides  information  on  the  
entire molecule and, thus, is an important part of the structural elucidation of AX. 
However, there are some restrictions in NMR techniques; for quantitative results, total 
solubility is needed, good resolution of the signals is required, the sample content must be 
sufficient and the NMR-run conditions must be optimal. In the present study, the sample 
concentrations were adequate, but not all the samples were totally soluble in D2O and the 
resolution of the peaks was not complete, since some of the peaks overlapped. 
Overlapping of the signals is typical for the complex structures of AX, and originates from 
the -L-Araf units attached to two consecutively substituted xylose residues (Hoffmann et 
al., 1992). Despite this, valuable structural information on the water-soluble part of the 
alkali-extracted AX was obtained, even though the analysis conditions were not 
satisfactory for quantitative analysis.  
 
The hydrolysis products of the AX were identified and quantified. However, the AXOS 
obtained and analysed were only the short oligosaccharides from the hydrolysed part of 
the AX molecule; thus the degradation of the AX may not always be complete. Some of 
the AX are highly substituted, or may alternate between highly branched and less 
branched regions (Ewald and Perlin, 1959; Gruppen et al., 1993), of which highly 
substituted areas restrict the action of the enzymes. The quantified hydrolysis products 
from Shearzyme hydrolysis accounted for 28 wt% of the AX (I), whereas in study II over 
40 wt% was quantified. The higher yield in study II was achieved at least partially due to 
the selective removal of some of the -L-Araf substituents from the AX by the AXH-m 
treatment, revealing more sites on the xylose backbone accessible for the endo-1,4--D-
xylanase. In study III, the highest total quantified amount of hydrolysis products was 40% 
of  the  total  amount  of  AX  weighed.  This  was  achieved  on  WStAX  with  low  degree  of  
substitution. The yield of quantified hydrolysis products was also surprisingly low in the 
hydrolysates of AX with low DS. Even though the shortcoming in total solubility of AX 
did not greatly affect successful enzymatic hydrolysis, complete solubility may be more 
important than previously considered. In addition the hydrolysis products identified, some 
minor unidentified longer AXOS are also often found. By combining the results from AX 
hydrolysis with NMR analysis, better insight into the structures of AX is obtained. 
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The intensities of the NMR signals were compared within the samples and all the AX 
studied possessed -L-Araf(13) monosubstituted side chains. Reviewing the hydrolysis 
products (Table 13), the oligosaccharide A3X  commonly  occurs  and  clearly  is  the  most  
predominating AXOS in RAX, WBAX, RBAX, OBAX, RiHAX and WStAX 
hydrolysates. In NMR analysis, similarities in substitution profiles among the bran-
originated AX (Table 12) were observed, but differences in the amounts of the side chains 
were found. NMR spectroscopy showed that, WAX-mv (Pitkänen et al., 2009) and 
WBAX contained one third of the -L-Araf (13) singly substituted -D-Xylp residues 
and two thirds were -L-Araf (12) and (13) doubly substituted -D-Xylp units (III; 
Figure 1), whereas RAX (Pitkänen et al., 2009) and RBAX contained two thirds of the -
L-Araf (13) monosubstituted -D-Xylp residues and one third of the doubly substituted 
units. These results correspond with previous reports on commercial wheat and rye flour 
AX (Sørensen et al., 2006; Höije et al., 2008). Although wheat and rye flour and bran AX 
have similar Ara/Xyl ratios, major differences in the distribution of the substituents were 
found. Doubly substituted -D-Xylp units were more infrequent in OBAX than in rye and 
wheat AX based, on NMR sprectra (III; Figure 1). All the AX studied contained -L-Araf 
disubstituted -D-Xylp units according to NMR analysis, but only in the hydrolysis 
products of RiHAX were disubstituted AXOS not found. 
  
In WAX-mv hydrolysate, 14 wt% of the quantified products were monosubstituted A3X, 
while 25 wt% accounted for the doubly substituted oligosaccharides A2+3X and  A2+3XX, 
but in WBAX the same amounts of mono- and disubstituted AXOS (16 wt% and 14 wt%, 
respectively) were detected. Approximately three quarters of the AXOS in RAX and 
RBAX were monosubstituted and one quarter disubstituted, whereas two thirds of the 
quantified AXOS were mono- and one third disubstituted in OBAX hydrolysate. 
Straightforward comparison between NMR spectrometry results and the AXOS quantified 
from the hydrolysates could not be made, because not all the hydrolysis products were 
identified and AX was not hydrolysed totally. Based on NMR spectroscopy, OBAX 
(Ara/Xyl 0.53) contains fever doubly substituted units than RBAX (Ara/Xyl 0.43), but the 
proportion of disubstituted AXOS in the hydrolysates is higher in OBAX. This may 
indicate more even distribution of -L-Araf substituents in the xylose chain of OBAX. 
The yield of disubstituted AXOS remained surprisingly low in RBAX hydrolysate, 
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probably because large amount of doubly substituted xylose units are situated in those 
areas with high DS and with no sites on the xylan backbone accessible to the enzyme. 
 
The existence of a fairly uncommon -D-Xylp(12)--L-Araf(13) side chain was 
previously reported in corn cob AX and barley husk AX (Aspinall, 1959; Ebringerová et 
al., 1992; Höije et al., 2006). In addition to CCAX and BHAX, -D-Xylp(12)--L-
Araf(13) side chain was here also discovered in RiHAX, OSAX and traces in WStAX, 
using NMR spectroscopy. These findings are supported by studies of AX hydrolysis 
products, since the oligosaccharide D2,3X was identified from the very same cereal-based 
materials by HPAEC-PAD as in NMR analysis. Surprisingly, in BHAX and CCAX 
hydrolysates, D2,3X is the most predominating AXOS.  
 
In addition to the side chains identified, indications for the presence of -L-Araf (12) 
monosubstituted -D-Xylp residues in BHAX were found by NMR spectroscopy (III: 
Figure 1, signal at 5.30 ppm in BHAX). The peak presumably presenting -L-Araf 
(12)mono overlapped with the signals originating from -L-Araf(13)di and/or 4-O-
Me--D-GlcpA(12), and accurate analyses were not possible. However, in BHAX the 
sizes of the signals, indicating the presense of -L-Araf(13)di and -L-Araf(12)di 
side  chains,  were  not  equal  as  they  should  have  been  if  originating  only  from  -L-Araf 
residues involved in double substitution. Differences in peak size strongly indicate the 
presence of -L-Araf (12)mono side chain. However, in the hydrolysed samples 
analysed with HPAEC-PAD, not enough AXOS with -L-Araf(12) monosubstituted -
D-Xylp units (A2X  or  A2XX) were formed in any of the samples for definite 
identification. A2XX  overlapped  with  D2,3X, which made the identification even more 
difficult. No evidence for the oligosaccharides with 4-O-Me--D-GlcpA residues in 
BHAX was found, but in RiHAX, OSAX, CCAX and WStAX the oligosaccharide 
U4m2XX was identified. Thus, 4-O-Me--D-GlcpA side units were found in the same AX, 
using HPAEC-PAD analysis and NMR spectroscopy. 
 
The occurrence of side units, attached to the xylose residues of the AX main chain found 
in this study, is in line with the appearance of AX substituents in the corresponding cereal 
plant parts reported in the literature. However, the existence of the more complex -D-
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Xylp(12)--L-Araf(13) side chain in RiHAX, OSAX and WStAX, in addition to the 
previously  known  sources  of  BHAX  and  CCAX,  was  reported  here  for  the  first  time.  
Straws, spelts, husks and corncobs are agricultural by-products that are not consumed as 
such, and hence they may be valuable raw materials for AXOS. In the hydrolysis of AX, 
extracted from these by-products, large amounts of complex, possibly slowly fermenting 
AXOS with the side group -D-Xylp(12)--L-Araf(13) (D2,3X) are produced. On the 
other hand, high amounts of AXOS, prepared from flour and bran AX, are doubly 
substituted, which is also interesting due to their slow fermentability. However, since 
flours are utilized as food ingredients, and brans as well can be exploited in human 
nutrition, they are not the most reasonable source for extracting AX for AXOS production. 
Thus, the AX present in flours and brans, could be hydrolysed into AXOS in situ without 
extracting AX first. 
6.3 Production of AXOS on a preparative scale 
Six different AXOS (A3X,  A2+3X,  A2+3XX, A2X,  A2XX, D2,3X) were prepared 
enzymatically from RAX, WAX-mv and OSAX on a preparative scale (starting from 1.5 
to 5.0 g of AX). The AXOS were purified and their structures fully analysed (I-III). 
Shearzyme, with Aspergillus aculeatus GH10 endo-1,4--D-xylanase as the main enzyme, 
possesses high activity towards the xylosidic linkage before an -L-Araf-substituted -D-
Xylp residue, thus forming AXOS with the substituents attached to the nonreducing end of 
the short linear xylose chain. The oligosaccharides A2X  and  D2,3X are novel and the 
detailed structural H1 and/or C13 NMR spectroscopy of A2+3X and A3X was presented for 
the first time in this study.  
 
Doubly substituted AXOS were produced for the first time in good yields (A2+3XX 11.8 
wt% of AX (0.22 mmol) and A2+3X 5.6 wt% of AX (0.13 mmol)), and the corresponding 
singly -L-Araf-(12) substituted AXOS could also be prepared in similar yields by 
treating the doubly substituted AXOS further with AXH-d3. Of the  AX hydrolysed, 11.7 
wt% (0.22 mmol) was A2XX. The amount of A2X was not quantified, due to lack of pure 
sample. However, if A2X is similarly transformed from A2+3X,  its  amount  can  be  
estimated to be 0.13 mmol. The yield of A3X (3% of AX, 0.11 mmol) was relatively low, 
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because RAX (with Ara/Xyl 0.46) was hydrolysed with endo-1,4--D-xylanase without 
pretreatments, and presumably highly substituted areas were left unhydrolysed, since the 
densely branched substrate does not fit in the active site of the enzyme. The other AXOS 
with evidently higher yields (A2X, A2XX, A2+3X, and A2+3XX) were prepared by treating 
AX first with -arabinofuranosidase  (AXH-m) to  decrease  the  DS before  endo-1,4--D-
xylanase hydrolysis. Purified D2,3X was only quantified after fractionation from the best 
sample, which contained 443 g/ml (3.9 mol in one 5-ml fraction). Most of the previous 
studies reporting purified AXOS have been carried out on an analytical scale. Wheat flour 
AX (80 mg) was hydrolysed by A. awamori endo-1,4--D-xylanase I in the study of 
Kormelink et al. (1993b), and 50-72 wt% of the hydrolysis products (monosaccharides, 
XOS, and AXOS) were quantified. From barley malt hydrolysate, a maximum of 26 nmol 
of the main purified AXOS (A2XX, A2+3XX, and XA2+3XX) were quantified (Broberg et 
al., 2000). The study of Ordaz-Ortiz et al. (2004) was performed on a preparative scale 
and from wheat flour AX (2.5 g) from which 8 wt% of AXOS were produced with the two 
most predominating oligosaccharides, XA3XX  and  XA2+3XX, representing 3 wt% (0.11 
mmol) of AX and 2.3 wt% (0.07 mmol) of AX, respectively. 
 
Shearzyme is a suitable commercial preparation for the production of AXOS, because it is 
abundantly available at relatively low prices compared with the purified enzymes. Purified 
AXOS, produced on a milligram scale, were used as standard samples for the 
identification and quantification of corresponding AXOS from the hydrolysates in which 
all the hydrolysis products were present as a mixture. Self-made standards were essential 
because commercial AXOS standards are not available. Pure AXOS were also used as 
substrates for fermentation studies in which the influence of different substitution patterns 
was evaluated on the ability of bifidobacteria to utilize AXOS. To understand the role of 
individual AXOS in the fermentation, purified short-chain AXOS are good models to use, 
even though future prebiotic product AXOS with various DP and DS as mixtures may be 
used. 
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6.4 Challenges in identification and quantification of AXOS 
After the AXOS were purified and their structures fully characterized, identification with 
TLC  or  HPAEC-PAD  could  be  done  from  the  hydrolysates  with  mixtures  of  several  
AXOS, using purified AXOS as standard compounds. However, identification of AXOS 
from the hydrolysates, using only one method, is challenging since on TLC the Rf values 
for A2XX and A2+3XX (0.45 and 0.46), D2,3X and XA3X (0.48), and A2X and A2+3X (0.51 
and 0.52) are similar (Table 14), while in HPAEC-PAD chromatography A2XX elutes 
together with D2,3X (30.1 and 30.2 min), and A3X and XA3X (31.0 min) co-elute with the 
same retention times (Figure 9). The use of these two methods is advantageous for correct 
identification, because different AXOS, which co-elute in HPAEC-PAD, have similar Rf 
values on TLC. The correct identification of AXOS is important for quantification, 
because in HPAEC-PAD each oligosaccharide requires the corresponding standard 
carbohydrate.  
 
Formation of arabinoxylotriose (XA3X) is difficult to analyse by HPAEC-PAD, due to its 
almost simultaneous elution with arabinoxylobiose (A3X)  (Kabel  et  al.,  2002a)  (I). In 
Shearzyme hydrolysates, some XA3X in addition to A3X can be formed. The formation of 
XA3X in addition to A3X was shown on TLC plate (I: Figure 7). The major AXOS formed 
in the Shearzyme hydrolysis carry -L-Araf unit(s) at the nonreducing end of the xylose 
main chain, and thus A3X is evidently produced most and only minor amounts of XA3X 
are usually formed, as analysed using TLC.  
 
Minor amounts of -L-Araf(12)-monosubstituted AXOS (A2X  and  A2XX)  may  be  
produced during hydrolysis of AX, because all cereal AX contain naturally small amounts 
of -L-Araf(12)mono substituents (Izydorczyk and Biliaderis, 1995). However, in 
NMR spectroscopy only BHAX, WBAX and RBAX of the AX studied may contain -L-
Araf(12)mono side units, but the identification was uncertain due to overlapping of the 
peaks of -L-Araf(12)mono and -L-Araf(13)di (III;  Fig.  1).  Only  BHAX of  these  
three AX also contains -D-Xylp(12)--L-Araf(13) side chains, and the 
oligosaccharide D2,3X is produced in the Shearzyme hydrolysis of BHAX. If A2XX is 
present in the BHAX hydrolysate, it co-elutes with D2,3X in HPAEC-PAD. The peak 
intensities in NMR spectroscopy show that -D-Xylp(12)--L-Araf(13) side chains 
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are more common in BHAX than -L-Araf(12)mono side units, but in HPAEC-PAD 
A2XX can be left unidentified due to co-elution with D2,3X. However, A2X can be 
identified in HPAEC-PAD and therefore existence of -L-Araf(12)mono side units can 
also be shown from the hydrolysis products. 
 
Water-unextractable wheat flour AX contains highly branched and less branched regions. 
The highly branched regions are enriched with both -L-Araf(12 and 13) 
disubstituted and -L-Araf(12) monosubstituted xylose units, but the latter are absent in 
less branched areas (Gruppen et al., 1993). Highly branched regions are more challenging 
for the enzymes to act on and thus this may also result in underestimation of the amount of 
-L-Araf(12) monosubstituted xylose units in AX while examining the hydrolysis 
products. However, -L-Araf(12)mono substituents are usually not predominant side 
groups since they contribute under 10% of the substituents in water-unextractable wheat 
flour AX (Gruppen et al., 1993) and only traces in water-soluble rye flour AX (Vinkx et 
al., 1995). The -L-Araf(12)mono substituents are most abundant in alkali-soluble 
barley grain and flour AX (22-28% of the substituents) (Viëtor et al., 1992; Trogh et al., 
2005; Pitkänen et al., 2008). 
 
The arabinoxylo-oligosaccharides A3X, XA3X, XA3XX, A2+3X, A2+3XX, A2X, A2XX and 
D2,3X were successfully identified, using a combination of TLC and HPAEC-PAD. 
Quantification succeeded in A3X,  A2+3X,  A2+3XX,  A2XX,  and  D2,3X in this study. 
However, if both A2XX and D2,3X are identified from the same hydrolysed sample, their 
quantification is not accurate, due to simultaneous elution. Analogously, the presence of 
A3X and XA3X in the same sample impedes accurate quantification, due to co-elution. 
6.5 Behaviour of AXOS in HPAEC-PAD system 
6.5.1 Elution order of AXOS 
The  elution  order  of  the  AXOS  in  HPAEC-PAD  system  is  difficult  to  predict,  since  
several interactions between column, eluent and eluting carbohydrates affect elution. 
HPAEC-PAD can separate oligosaccharides based on slight variations in their net charge, 
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branching positions or linkage isomerism (Thayer et al., 1998). Carbohydrates are fully 
dissociated in the high pH that is used in the HPAEC-PAD method. Thus, essential for 
retention in the anion exchange chromatography column is the presence of –OH groups 
available for dissociation and interactions with the column material. The tR and pKa values 
of carbohydrates correlate inversely and the tR increases with growing molecular mass 
(Antec Leyden). Linear XOS differ according to the homologous oligosaccharide series, 
and the shorter the XOS are, the earlier they elute from the column.  
 
The arabinose (-L-Araf)  substituents  appeared  to  increase  the  retention  time  of  the  
molecules since the arabinoxylobiose eluted later than xylotriose and xylotetraose. 
Furthermore, the increasing amount of -L-Araf side chains increased retention in the 
column material. Thus arabinoxylobioses (A2X and A3X) eluted before diarabinoxylobiose 
(A2+3X), while arabinoxylotrioses (A2XX  and  XA3X) eluted before diarabinoxylotriose 
(A2+3XX). The AXOS with the -L-Araf(12)mono unit linked with the -D-Xylp unit at 
the nonreducing end of the xylose chain showed lower retention in the column material 
than the corresponding AXOS with -L-Araf(13)mono substituents. Actually, the 
linkage type of (13) increased the tR substantially, which corresponds well with the 
stronger acidity of the 2-OH group than the 3-OH group reported previously (Roberts et 
al., 1971). Thus, the substituent at the O-2 of -D-Xylp prevents the interaction of the 2-
OH group and column, and with the substituent at O-3 of -D-Xylp, the more acidic 2-OH 
group is free to react. With similarly substituted AXOS, the ones with shorter xylose main 
chain eluted first. With the -L-Araf unit attached to the nonreducing terminal of the 
xylose chain, the oligosaccharide appeared to elute later than the corresponding AXOS 
with internal substituent. This was concluded from the simultaneous elution of A3X and 
XA3X. 
6.5.2 Responses of AXOS in PAD 
The responses for the various AXOS are different in pulsed amperometric detection. The 
use of PAD is advantageous, since derivatization of the carbohydrates studied is not 
needed and the method is very sensitive. Although carbohydrates can be detected at the 
picomolar level, the response is not the same for those oligosaccharides carrying similar 
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substituents attached to different positions of the oligosaccharide main chain (Lee, 1990). 
Therefore a quantification standard for each of the different oligosaccharides to be 
determined is needed. In this study, the best relative PAD response on a molar basis was 
obtained for A3X  and  the  worst  for  xylotriose  and  xylotetraose  under  the  HPAEC-PAD  
analysis  conditions  used  when  the  heights  of  the  peaks  were  compared.  In  AXOS,  with  
double -L-Araf substitution at the nonreducing end, the increasing length of the xylose 
chain decreased the PAD response; thus the relative response for A2+3X was better than for 
A2+3XX. Furthermore, the lengthening main chain in AXOS with various substitution 
patterns caused decreases in PAD response. However, longer AXOS also eluted later, 
which may have broadened the peaks and lowered the peak heights. The weakest relative 
response of the AXOS studied was obtained for D2,3X. The position of the -L-Araf 
substituent between two xylose units in D2,3X, compared with terminal -L-Araf unit(s) in 
the other AXOS, may have affected the low response. Little information on the PAD 
responses of AXOS is found in the literature. 
6.6 Fermentation experiments 
6.6.1 Utilization of substrates 
In the fermentation experiments, the growth of B. adolescentis ATCC 15703, B. longum 
ATCC 15707, B. breve ATCC 15700 and faecal microbiota on L-arabinose, D-xylose, 
XOS, AXOS and on their mixtures (WAX and RAX hydrolysates) was tested, and the 
prebiotic potentials of AXOS were evaluated. The indications of clear substrate 
preferences among the various bifidobacterial strains were found. Bifidobacterium 
adolescentis was  able  to  grow  on  XOS,  slowly  on  D-xylose  but  not  on  L-arabinose.  In  
contrast, B. longum preferred L-arabinose and did not grow on pure D-xylose or XOS. 
Both  strains  were  able  to  utilize  AXOS  but  with  different  strategies,  since  after  the  
cleavage of L-arabinose, B. adolescentis consumed the XOS formed, whereas B. longum 
fermented the L-arabinose released. Bifidobacterium breve grew  poorly  on  all  of  the  
substrates provided, although it may be able to slowly utilize some xylobiose and AXOS 
from a mixture, since some reduction in their quantities was detected after incubation, 
compared with the starting situation. Bifidobacterium adolescentis and B. longum were 
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able to grow about equally on AX hydrolysates, but the growth observed was clearly less 
than that on FOS, indicating more restricted fermentability of a mixture rich in XOS and 
AXOS. All  the substrates provided were almost completely utilized by the bacteria from 
the faecal microbiota. 
 
The growth of Bifidobacterium adolescentis ATCC 15703, B. longum ATCC 15707, and 
B. breve ATCC 15700 on D-xylose, L-arabinose, XOS, and AXOS was previously 
reported by several groups and the results obtained in the present study are generally in 
agreement with these. B. adolescentis ATCC 1570 earlier showed modest growth on 
xylose (Palframan et al., 2003; Moura et al., 2007), although Crittenden et al. (2002) and 
Gullón et al. (2008) speculated on the inability of B. adolescentis to utilize xylose. In the 
present study, clear growth on pure xylose was detected after a prolonged incubation time 
(140 h). Furthermore, HPAEC-PAD analysis showed that pure xylose was consumed by 
B. adolescentis ATCC 15703; however, no reduction in xylose content was detected in the 
AX hydrolysates. This difference may actually explain the diverging conclusions on the 
ability of B. adolescentis ATCC 15703 to ferment xylose. In previous studies, the growth 
of B. longum ATCC 15707 was detected with pure xylose (Palframan et al., 2003), 
whereas in the present study xylose was utilized by B. longum ATCC 15707 only when 
present in a mixture with xylobiose and AXOS. The result that B. longum ATCC 15707 
can, but B. adolescentis ATCC 15703 cannot, utilize L-arabinose is well in agreement 
with published data (Roy and Ward, 1990; van Laere et al., 1999; Moura et al., 2007). 
Previous reports also indicated the inability of B. breve ATCC 15700 to grow on pure 
xylose and L-arabinose (Mitsuoka, 1982; Roy and Ward, 1990; Palframan et al., 2003).  
 
The strong growth of B. adolescentis ATCC 15703 on commercial XOS (X2, X3, and X4) 
is in line with several previous reports (van Laere et al., 1999, 2000; Moura et al., 2007; 
Gullón et al., 2008). The main diverging findings between this study and previous results 
were found in the ability of XOS to promote growth of B. longum ATCC 15707. In the 
study of Crittenden et al. (2002), B. longum ATCC 15707 (VTT E-96664) was able to 
grow  effectively  on  a  mixture  of  XOS  (Xylo-oligo  70,  Suntory  Co.  Ltd.,  Osaka,  Japan)  
which, however, contained over 40% free monosaccharides, including xylose and some 
glucose. Thus, the growth of B. longum could have occurred due to the utilization of the 
monosaccharides instead of XOS. Gullón et al. (2008) reported modest growth of B. 
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longum ATCC 15707 on XOS prepared from rice husks. In addition to XOS, the product 
contained some free arabinose and xylose, and due to the raw material used for XOS 
production, it could also have contained some AXOS, all of which could have promoted 
the growth of B. longum ATCC  15707  (Gullón  et  al.,  2008).  However,  van  Laere  et  al.  
(2000) reported the ability of B. longum ATCC 15707 to grow on a xylose-free XOS 
mixture (X2,  X3 and  X4).  In  the  present  study,  XOS  as  the  only  carbon  source  was  too  
challenging for B. breve ATCC 15700, which was also observed in the study by Palframan 
et al. (2003), while Gullón et al. (2008) reported on the ability of the same strain to grow 
on XOS. In the commercial  XOS mixture (Wako) which was used as a substrate in pure 
bifidobacterial and faecal microbiota fermentations, some of the unidentified 
oligosaccharides may have been AXOS, since Moura et al. (2007) reported the presence of 
AXOS in the commercial XOS product (Xylo-oligo 95P; Suntory). However, the possible 
presence of AXOS is not desired in XOS, since it may affect the ability of bifidobacteria 
to utilize XOS when the utilization of linear XOS is evaluated. 
 
Studies with AXOS are rarer than with XOS. van Laere et al. (2000) reported that AXOS 
(mainly L-Araf doubly substituted XOS) were fermented partially by B. adolescentis 
ATCC 15703 and completely by B. longum ATCC 15707. This supports our data that both 
strains are able to consume AXOS, but we demonstrated partial utilization of AXOS by 
both species; i.e. B. adolescentis ATCC 15703 used the backbone XOS but not the 
released L-Araf substituents, and B. longum ATCC 15707 utilized the L-Araf released but 
not the residual XOS. 
 
In the present study, a small-scale method and extremely nutrient-poor medium were 
applied. The use of this small-scale method was necessary for testing pure AXOS that are 
difficult to obtain in large amounts. To obtain comparable results, all the experiments were 
performed  on  a  small  scale.  The  downscaling  of  the  cultivation  volume  of  the  pure  
cultures had to be performed in test tubes where normally 10 ml of medium are added to 
secure the preservation of anaerobic conditions and the reliable measurement of OD. The 
small (3 ml) volume changed the proportions of the medium and the airspace, and possibly 
made it more challenging to obtain completely anaerobic conditions. Furthermore, this 
small volume hindered the usage of the reducing agent sodium sulphide (Na2S), which 
may also have changed the growth environment. Long cultivation times, up to 140 h, were 
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used in the present study to ensure growth under the somewhat atypical conditions 
applied.  In  other  reported  studies  much shorter  fermentation  times  were  used,  the  purity  
and composition of the XOS and AXOS varied and different neutral basal media were 
applied. Variations between this and previous studies could have partially occurred for 
these reasons. 
6.6.2 Substrate utilization strategies of pure bifidobacteria 
Bifidobacteria are presumed to utilize oligosaccharides either by transporting small 
oligosaccharides into the cell and hydrolysing them further with intracellular enzymes, or 
by hydrolysing the oligosaccharides with extracellular enzymes and transporting the 
monosaccharides formed into the cell (Amaretti et al., 2006). Stronger growth of B. 
adolescentis ATCC 15703 on XOS than on xylose indicated that short XOS (X2, X3) are 
transported into the cell rather than hydrolysed extracellularly to xylose. Similar 
preferences of the same bacterial strain for di- and oligosaccharides over monosaccharides 
were also noted in previous studies (Crittenden et al., 2002; Palframan et al., 2003; 
Amaretti et al., 2006). Furthermore, Palframan et al. (2003) showed that B. adolescentis 
ATCC 15703 produces extracellular -D-xylosidase activity when cultivated on XOS. The 
presence of extracellular -D-xylosidase was also indicated in the present study, since the 
xylose formed was detected after cultivation of B. adolescentis ATCC 15703 on XOS and 
AX hydrolysates.  An increase in XOS chain length to DP 4-6 reduces the efficacy of B. 
adolescentis ATCC 15703 in utilizing these XOS (Moura et al., 2007; Gullón et al., 2008), 
most probably because longer XOS need to be first hydrolysed by an extracellular enzyme 
to shorter XOS. In contrast to B. adolescentis ATCC 15703, Palframan et al. (2003) 
reported that B. longum ATCC 15707 showed no extracellular -D-xylosidase activity, 
which agrees with the present study in which no consumption of xylobiose was detected.  
 
From the data obtained it seems evident that AXOS are hydrolysed extracellularly by -L-
arabinofuranosidases. Both B. adolescentis ATCC 15703 and B. longum ATCC 15707 
were able to cleave the linkage between L-arabinose and xylose, since no short-chain 
AXOS were detected after cultivations with AX hydrolysates. Bifidobacterium 
adolescentis ATCC 15703 is known to express two distinct extracellular -L-
arabinofuranosidases (van Laere et al., 1999; van Den Broek and Voragen, 2008). 
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Bifidobacterium longum ATCC 15707 undoubtedly also produces -
arabinofuranosidase(s) analogously to other B. longum strains (Crittenden et al., 2002; 
Gueimonde et al., 2007), although the presence of -L-arabinofuranosidase-encoding 
genes has not yet been shown. 
 
Bifidobacterium breve K-110, isolated from human intestine, also produces -D-
xylosidase and -L-arabinofuranosidase (Shin et al., 2003a, 2003b). On the other hand, 
preliminary results from the genome sequence of B. breve UCC2003 show the absence of 
AX-degrading enzymes (van Den Broek and Voragen, 2008). In the present and previous 
studies, B. breve ATCC 15700 was unable to grow on xylose or L-arabinose (Mitsuoka, 
1982; Roy and Ward, 1990; Palframan et al., 2003). Degnan and Macfarlane (1993) 
showed that to transport L-arabinose, B. breve NCFB 2257 requires glucose in the 
cultivation medium, indicating cotransportation. The lack of cotransportation could be, in 
addition to lack of enzymes for the hydrolysis of (A)XOS, another potential explanation 
for the poor growth of B. breve ATCC 15700 when xylose, L-arabinose, and (A)XOS 
were the only carbohydrates present in the cultivation medium. 
 
After incubation of B. adolescentis with the WAX and RAX hydrolysates, twice as much 
free L-arabinose was found in the samples than could be formed from the short, quantified 
AXOS in the hydrolysates. This indicates that L-arabinose is also liberated from the 
longer, unidentified AXOS present in the samples. Furthermore, B. longum was not able to 
utilize xylobiose and xylotriose from the WAX and RAX hydrolysates, and the amounts 
of these short XOS detected in the samples after fermentation were, surprisingly, 7-8 times 
more than could be released from the quantified AXOS. Additional xylobiose and 
xylotriose may also have originated in this case from longer AXOS. After releasing the L-
Araf substituents, B. longum may be able to hydrolyze the resulting XOS further, e.g. 
using specific (exo)xylanase as is produced by Aeromonas caviae ME-1 (Kubata et al., 
1994). The formation of more xylobiose and xylotriose during growth of B. longum is 
rather interesting, because it does not consume these carbohydrates. 
 
Some of the results concerning the utilization of D-xylose, L-arabinose and XOS were 
inconsistent with the literature, which may have been due to several reasons, from 
different experimental conditions to various substrates and difficulties in interpretation of 
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the results. In the present study, bifidobacteria were able to utilize some substrates only 
under  extreme  conditions,  when  more  suitable  substrates  were  not  available,  or  on  the  
other hand, only when other substrates were also present to activate the utilization of more 
challenging carbohydrates. The initial carbohydrate content of the substrates was 
investigated, and in addition to observing only the growth of bacteria, the concentration of 
individual carbohydrates was followed by HPAEC-PAD to furnish proof of which 
carbohydrates induced the growth. 
6.6.3 Specific features in utilization of purified AXOS 
The fermentation experiments with pure AXOS revealed that monosubstituted A2XX is an 
easier substrate than the doubly substituted A2+3XX, since the former was completely 
fermented both by a mixture of pure bifidobacteria and by faecal microbiota, whereas the 
latter was utilized only by the faecal bacteria mixture. However, even after the growth of 
the faecal microbiota some mono- and oligosaccharides were detected, including A2XX 
formed after cleavage of a single L-Araf unit from the doubly substituted D-Xylp residue 
in  A2+3XX.  Removal  of  the  first  L-Araf unit appears to be challenging, but after this, 
complete fermentation of the singly substituted AXOS formed can be achieved. 
Consumption of the doubly substituted AXOS was, however, slow since carbohydrates 
still detected after a 48-h incubation of A2+3XX  were  readily  utilized  in  other  
fermentations. Thus, it can be assumed that only a few bacterial species in the human 
faecal microbiota were able to liberate -13 -linked L-Araf units from the doubly 
substituted D-Xylp residue. Furthermore, after fermentation of faecal microbiota on 
A2+3XX, the pH was 4 and the growth of intestinal bifidobacterial species at pH lower than 
4.5 is very limited (Biavati and Mattarelli, 2006), suggesting clearly that bacteria other 
than bifidobacteria ferment disubstituted AXOS. This is supported by the altered 
fermentation pattern seen in the VFA distribution in Table 18.  
 
The  t-RFLP  analysis  of  faecal  samples  indicated  that  various  AXOS  may  result  in  
different  distributions  of  bifidobacteria,  since  not  all  AXOS support  growth  of  the  same 
bifidobacterial species. With doubly substituted AXOS as substrates, it is unclear if the 
slight change in distribution of bifidobacteria was due to more rapid death of group 2 
bacteria or increased growth of group 1 bacteria. The t-RFLP analysis did not provide 
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quantities of bifidobacteria, but decrease in the bifidobacterial amount is presumable if 
other bacteria were utilizing pure disubstituted AXOS, as suggested above. Since the 
doubly substituted AXOS were consumed by pure B. adolescentis ATCC 15703 and B. 
longum ATCC 15707 from the WAX hydrolysate, the pure A2+3XX  may  not  have  been  
able  to  induce  the  production  of  essential  -L-arabinofuranosidases. Gueimonde et al. 
(2007) reported that the GH 51 -L-arabinofuranosidase of B. longum NIZO  B667  was  
induced by xylose and to a lesser extent by L-arabinose. 
 
Interestingly, B. adolescentis ATCC 15703 did not ferment L-arabinose, although it has -
L-arabinofuranosidases. The need for this organism to produce these enzymes may be to 
degrade  AXOS to  obtain  xylose,  not  L-arabinose.  It  is  also  tempting  to  hypothesize  that  
the liberation of L-arabinose as a result of the action of B. adolescentis -L-
arabinofuranosidases may provide a carbon source for other bifidobacteria, e.g. B. longum, 
indicating the complex synergisms of probiotic bacteria. This was indeed observed in the 
present study when pure A2XX was  completely  consumed  by  the  mixture  of  B. 
adolescentis, B. breve and B. longum. The other indication of a possible versatile cross-
synergy between B. adolescentis and B. longum was the buildup of xylobiose and 
xylotriose by B. longum when grown on AX hydrolysates, because the short XOS are the 
preferred substrates of B. adolescentis. 
 
Detailed chromatographic analysis of mono- and oligosaccharides after the fermentations 
revealed new insight into carbohydrate, particularly AXOS, consumption by the 
bifidobacteria studied. New knowledge of the inability of B. adolescentis ATCC 15703 to 
consume the L-arabinose it cleaved from various AXOS was also obtained. Based on our 
results and combined with previous studies by other groups, short (A)XOS support growth 
of B. adolescentis ATCC 15703, whereas highly substituted AXOS, and even polymeric 
AX, support the growth of B. longum ATCC 15707, utilizing primarily the L-Araf 
substituents. AXOS are clearly potential candidates for selective prebiotics, but the 
fermentation efficiency and the prebiotic effect appear to be dependent on the type of L-
Araf substitution. AXOS with doubly substituted D-Xylp were fermented less efficiently 
than AXOS with singly substituted D-Xylp. Although isolated A2+3XX was not fermented 
by the mixture of pure bifidobacterial strains, it was consumed by the versatile faecal 
microbiota. Doubly substituted AXOS were also utilized by B. adolescentis ATCC 15703 
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and B. longum ATCC 15707 when present in the hydrolysate together with xylose, XOS, 
and monosubstituted AXOS. Thus, a mixture of different singly and doubly substituted 
AXOS could function as a suitable, slowly fermenting, prebiotic substance. The results 
also reflected a complex cooperation between bifidobacteria in the consumption of AXOS. 
In the present study, pure AX-derived saccharides were used as the only carbon source, 
but in the colon there are also other carbohydrates available. This may contribute to 
fermentation of the challenging AXOS through the activation of hydrolytic enzymes, 
transport systems or activation of the bifidus pathway. Thus, further research is needed on 
the  interactions  of  different  putative  prebiotics  in  relation  to  the  growth  of  probiotic  
bacteria. 
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Conclusions 
Cereal AX are efficiently hydrolysed by Shearzyme (A. aculeatus GH 10 endo-1,4--D-
xylanase) into xylose, XOS and AXOS. This enzyme is active on the xylosidic linkage at 
the nonreducing end of the xylose chain, prior to both mono -L-Araf(12)- and -L-
Araf(13)-substituted -D-Xylp units, as well as doubly -L-Araf(12)- and (13)-
substituted -D-Xylp residue and also  2-O--D-Xylp--L-Araf side chain attached to the 
-D-Xylp unit. Thus, Shearzyme produces short-chain AXOS with nonreducing end 
substituents. The yield of the XOS and AXOS was amplified, using a combination of 
different -L-arabinofuranosidases (AXH-m and AXH-d3) to modify the substitution 
pattern of AX before the endo-1,4--D-xylanase treatment. Furthermore, diversely 
substituted AXOS were prepared with stepwise hydrolysis by a combination of preceding 
enzymes. 
 
Differences in the structures of several AX extracted from various cereal plant parts were 
detected by studying the structure of polymeric AX with NMR spectroscopy and by 
examining the hydrolysis products with HPAEC-PAD. These two methods are supporting, 
since NMR spectroscopy provides information on the entire AX molecule from the water-
soluble part of the sample, but information on the water-insoluble part is lost. Using 
hydrolysis products in the elucidation of the AX, complete solubility is not vital in 
preparing the hydrolysates, but the most highly substituted areas of AX probably remain 
intact by the enzyme. WAX-mv, WBAX, RAX, RBAX and OBAX are fairly similar with 
relatively high DS levels. These flour and bran AX contain high amounts of -L-
Araf(13)mono substituents and -L-Araf(12 and 13)di residues. Both BHAX and 
CCAX contain abundant less common -D-Xylp(12)--L-Araf(13) side chains. 
RiHAX, WStAX and OSAX have low DS levels of -L-Araf mono- and disubstituted 
xylose residues, but they carry some -D-Xylp(12)--L-Araf(13) substituents. In 
contrast to these, flour and bran AX, RiHAX, OSAX, CCAX and WStAX contain 
abundant 4-O-Me--D-GlcA(12) units. 
 
The purified AXOS prepared in good yields in this study were: A3X, A2X, A2XX, A2+3X, 
A2+3XX and D2,3X. With doubly substituted AXOS, A2+3XX is the main oligosaccharide 
formed in the hydrolysis and A2+3X is a minor product, in contrast to the corresponding 
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monosubstituted AXOS from which A2X  is  the  major  and  A2XX the minor hydrolysis 
product. The purified AXOS were invaluable tools for studing the elution order and 
response in HPAEC-PAD, and they were further used as standard compounds in TLC and 
HPAEC-PAD analysis. 
 
Complete separation of the AXOS is essential for correct quantification. With the 
HPAEC-PAD method used, good separation of A3X,  A2X,  A2+3X  and  A2+3XX was 
obtained, but A2XX  and  D2,3X were not totally separated. Usually A2XX is rarely 
obtained, since -L-Araf(12)mono is a minor substituent in AX. A2XX and D2,3X were 
separated on TLC, which can be used in combination with HPAEC-PAD to identify the 
AXOS. For the quantification of AXOS and other carbohydrates produced in the 
hydrolysis, corresponding standards are needed for each compound because the peak 
heights cannot be compared as such, since the responses to the different monosaccharides, 
XOS and AXOS vary in PAD. 
 
For the first time, the prebiotic potential of the purified AXOS were studied in in vitro 
fermentation experiments. AXOS, L-arabinose, D-xylose, XOS, RAX and WAX 
hydrolysates, and FOS (positive control) were used as substrates for pure bifidobacterial 
and faecal microbiota. Based on the results obtained, B. adolescentis ATCC 15703 is able 
to utilize XOS, some D-xylose, but not L-arabinose. B. longum ATCC 15707 prefers L-
arabinose, but is not able to grow on pure D-xylose or XOS. B. breve ATCC 15700 grew 
poorly on all of the substrates provided. Detailed new information on the fate of individual 
AXOS during fermentation was obtained. Both B. adolescentis and B. longum were able 
to grow on AXOS, but they fermented oligosaccharides with differing strategies, since 
after cleavage of the L-arabinose B. adolescentis utilized the XOS formed, whereas B. 
longum utilized the L-arabinose released. The results show that the ability to grow on 
certain AXOS does not always mean complete utilization. Pure AXOS with doubly 
substituted D-Xylp were fermented less efficiently than AXOS with singly substituted D-
Xylp by the mixture of three bifidobacteria. However, doubly substituted AXOS were also 
utilized by B. adolescentis and B. longum when present in a hydrolysate together with 
xylose, XOS and monosubstituted AXOS. Isolated doubly substituted AXOS were 
fermented by versatile faecal microbiota. Thus, a mixture of different singly and doubly 
substituted AXOS could function as a suitable, slowly fermenting prebiotic substance. 
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